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Adaptive management is becoming an increasingly popular management-decision
tool within the scientific community. The application of adaptive management is
appropriate for complicated natural-resources management problems high in uncertainty.
Two primary schools of thought have developed that may yield varying levels of success
as they primarily differ in stakeholder involvement and model complexity. I evaluated
peer-reviewed literature that incorporated adaptive management to identify components
of successful adaptive management plans and to make comparisons between the two
schools of thought. Identifying the elements of successful adaptive management is
advantageous to natural-resources managers, such as those managing the Platte River,
Nebraska. The Platte River is a complicated ecosystem where management decisions
affect endangered and threatened species such as the Interior Least Tern (Sternula
antillarum athalassos) and Piping Plover (Charadius melodus). Because high
uncertainty is associated with these species’ responses to habitat restoration and other
resource uses and management efforts differ between the lower Platte River (LPR) and
the central Platte River (CPR), I developed quantitative applications for each section. For
terns and plovers on the LPR, I developed a population model that estimates population
characteristics for on-channel and off-channel habitat. Model results suggest that
population sizes respond similarly for short-term simulations, but differ for long-term
scenarios. The ability of this quantitative model to adapt to new information makes it

ideal for projecting management implications within an adaptive management context.
As the CPR is further along in the adaptive management process, I developed a multimodel analysis of 10 models based on simulated data to simplify hypotheses and
prioritize management needs. Model results suggest that in not accounting for
overdispersion in the data leads to a greater probability of concluding a false relationship
when the parameter effect sizes are close to 0. Utilizing statistical models to evaluate
management consequences through an iterative decision-making process allows for
continuous model improvements based directly on monitoring data. The process of
evaluating effects of ecological factors is helpful in setting and prioritizing objectives and
implementing actions for adaptively managing complicated ecosystems.
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Chapter 1: OVERVIEW
Natural-resources managers are faced with value-laden decisions high in
complexity, risk, and uncertainty (Levin, 1999; Gunderson and Holling, 2002; Berkes,
2004). When decisions must be made regardless of the level of knowledge or
uncertainty, the application of conventional research methods is often insufficient to
support effective decision-making under these circumstances. There is a critical need to
improve how research is incorporated into management decisions where uncertainty
places limitations on contributions of science (Reynolds et al., 1996; Lee and Bradshaw,
1998; Berg et al., 1999; Robertson and Hull, 2001). In other disciplines, such as business
and economics, complex decisions involving risk are often approached using structured
decision-making (SDM), described by proponents as "a formalization of common sense
for situations too complicated for the informal use of common sense" (Keeney, 1982, p.
806). Although such formal decision-making skills may be underdeveloped by naturalresources managers, the use of SDM is becoming more prevalent within the field of
natural resources (Gregory and Keeney, 2002; Conroy et al., 2008; Gregory and Long,
2009). Natural-resources managers can learn through an ongoing process of
implementing various management actions, monitoring management outcomes, and
updating ecological models by comparing actual outcomes with expected outcomes by
repeating decisions within an SDM approach (Hilborn and Walters, 1981; Walters, 1986;
Williams, 1996; Carpenter, 2002; Johnson et al., 2002). This ongoing (i.e., iterative)
learning process, learning by doing, is known as adaptive management.
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Throughout the development of natural-resources management, research, and
monitoring, natural-resources managers have experienced numerous advancements in
monitoring and research methods. However, a need for further improvement and
development of the tools for decision making that integrate an active-learning process
remains (Walters and Holling, 1990; Walters, 1997). Adaptive management is becoming
an increasingly popular concept and has developed within several governmental agencies,
resulting in varying definitions of the process. However, there are commonalities
amongst the various agencies regarding the adaptive management process, including
establishing an iterative process that involves sharing of responsibilities and decisionmaking among managers, biologists, and stakeholders (Ruitenbeek and Cartier, 2001).
These decision-makers collaborate to develop management plans that allow for analyses
of large-scale ecosystem problems through implementing various management actions
based on appropriate measurable objectives (Walters, 1997; Holling, 2001; Hughes et al.,
2007). Managers can also apply learning by doing to the particular adaptive management
approaches that have been implemented (Johnson, 2006; Runge et. al, 2006; Williams et.
al, 2007). In other words, it is necessary to “adaptively manage” the field of adaptive
management by testing different decision-making and modeling approaches, monitoring
these management outcomes, and changing our practices to deliver better management
outcomes.
While individual approaches to adaptive management are often promoted, there is
no comparative overview of different adaptive management approaches (i.e., schools of
thought). Scientific literature acknowledges that for the successful application of
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adaptive management, there must be a cumulative experience of the process through
building a thorough understanding of the various elements (Gerber et al., 2007). Overall,
with multiple approaches emphasizing different elements, it is imperative that managers
fully understand their needs and desired outcomes on a project-level basis. When
managers are faced with many requirements, responsibilities, and other external
pressures, they require a method with a high level of efficacy that incorporates decisionmaking tools and adaptive management as a sustained active-learning process
(Possingham et al., 2001; Williams et al., 2007). I assessed two dominant adaptive
management schools of thought in the literature to determine which approach is applied
most successfully based on my a priori set of criteria. I related the success of each case
study described in the literature to their assigned adaptive management approach. My
goal was to increase efficacy of adaptive management approaches for natural-resources
management by investigating the correlations among process, success, and efficacy of
each approach.
In progressing from theoretical work in adaptive management to a practical
application, I developed a population model for Least Terns and Piping Plovers on the
Lower Platte River (LPR), Nebraska. Although the LPR is relatively unaltered (Bental,
1982), there are multiple anthropogenic uses of the river that may impose external
stressors on river functions and processes. These external stressors may adversely affect
species for which the river provides habitat, particularly the endangered Interior Least
Tern (Sternula antillarum athalassos) and threatened Piping Plover (Charadius melodus;
U.S. Fish and Wildlife Service, 1985a; U.S. Fish and Wildlife Service, 1985b).
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Therefore, the LPR is an ideal case study for developing models within an adaptive
management context.
When adaptively managing populations, population projection models are used to
evaluate management consequences based on current data (Nicolson et al., 2002;
Possingham et al., 2001; Williams et al., 2007). In an iterative decision-making context,
projection models are continuously updated as more monitoring data becomes available
which will influence future management decisions (Walters, 1986, 1997; Carpenter,
2002). I initiated model development at a rapid prototyping workshop organized and
facilitated by Dr. Andrew J. Tyre and myself where invited participants specialized in the
recovery of Least Terns and Piping Plovers on the LPR. The initial workshop goals were
to define the management problem, objectives, and actions using structured decisionmaking. I developed the following decision problem to guide model development: How
do alterations in available habitat affect the projected population sizes for the Least Tern
and Piping Plover on the LPR, Nebraska? As the group developed multiple management
objectives and an extensive list of competing actions, it became apparent that decisionmaking might benefit from developing a population model. To develop the population
model, I estimated age-specific parameters for each species and the effect of habitat
factors on life history parameters from available monitoring data, expert opinion, and
literature.
In contrast to the unaltered nature of the LPR, the central Platte River (CPR), once
with wide and shallow braided channel morphology, now has stabilized banks, deeper
channels, and increased flow (Kenney, 2000; Zallen, 1997; Echeverria, 2001).
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Alterations to riverine habitat over the last several decades resulted from water
diversions, land-use changes, and other basin alterations and contributed to the listing of
various species (Sinokrot and Gulliver, 2000; Kroeger and McMurray, 2008; Smith,
2011). However, in contrast to the management efforts on the LPR, portions of the CPR,
one of the largest Great Plains riverine ecosystems, are managed through an adaptive
management based process under the Platte River Recovery Implementation Program
(hereafter simply Program) for four federally endangered and threatened species
(Schneider et al., 2005; Platte River Recovery Implementation Program, 2006).
To aid in the progression on the adaptive management plan, I offered a method of
simplifying hypotheses and prioritizing research and management needs by providing
results from simulated data scenarios analyzed in a multi-model analysis framework. I
consolidated the Program’s research hypotheses into sets of statistical models for
simulated multi-model analysis using generalized linear models. Such statistical models
are relevant in evaluating management consequences based on current data within a
decision-making context (Nicolson et al., 2002; Possingham et al., 2001; Williams et al.,
2007). I tested the ability of the monitoring program to distinguish between the
hypotheses using simulated data to compare responses of Least Tern population numbers
under different research hypotheses on the CPR.
Models, whether conceptual or statistical, are “an abstraction or simplification of
a natural phenomenon, developed to predict a new phenomenon or to provide insight into
existing ones,” (Smith and Smith, 2006, p. 13). Within my research, I developed two
types of models. The population model in my third chapter is a model that projects new
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phenomenon based on monitoring data. In contrast, the simulation analysis in chapter
four is a model that projects ten years of various scenarios of plausible monitoring data
and provides insight into existing phenomenon about the data. Further, both models are
derived from various hypotheses or “universal proposition[s] that suggests an explanation
for some observed ecological situation,” (Sinclair et al., 2006, p. 394). While there may
be controversy regarding the true differences between a model and a hypothesis, it is
essential to understand the connection of hypotheses to management objectives. As
adaptive management is a tool that offers natural-resources management a scientific
method for confronting uncertainty while proceeding with decisions, adaptive
management stresses the importance of testable and falsifiable objectives (Theberge et
al., 2006). Testable and falsifiable objectives are necessary for proceeding with
experiments in an adaptive management context.
Generally, within the scientific method, an experiment arbitrates amongst
competing hypotheses or models (Griffith, 2001). However, there are two additional
attributes that are important for distinguishing between methods of arbitrating among
hypotheses. The first attribute is the number of simultaneous experimental treatments or
the number of different manipulations of the system under the study area in use. This
could range from one (i.e., an observational study of existing conditions) to many
treatments (i.e., a laboratory study with positive and negative control treatments and a
response variable). The second attribute is the amount of replication within a treatment
or the number of places and times the treatment effect was observed, which may also
range from one replication to many.

7
In adaptive management, the purpose of an experiment is to use the management
action itself to develop the experimental treatments. An experiment is more likely to
determine the distinction between competing management actions faster than applying
treatments sequentially to a single object as the simultaneity of the treatments in the
experiment helps reduce the number of alternative explanations. Simultaneous
alternative treatments are rarely conducted for large-scale manipulations of ecosystems,
and it may not be helpful to describe such manipulations as experiments. This would
lead to everything classified as an experiment and decrease the value of the word.
Though an experiment with simultaneous treatments is not the only method to distinguish
between competing hypotheses (i.e., management actions), it is an excellent approach
when possible.
I presented my thesis in five chapters with the first chapter introducing the need
for my research and an overview of my thesis and relevant terminology. My second
chapter is a review of adaptive management literature and assesses the level of success
for two main schools of thought in adaptive management yielding useful
recommendations for increased success in the implementation of adaptive management
plans. In chapter three, I present a population model description focusing on the Interior
Least Tern and Piping Plover on the LPR, Nebraska, and how the model is a vital aspect
of an adaptive management plan. In the fourth chapter, I report findings from a simulated
multi-model analysis that assessed competing research hypotheses of an adaptive
management plan by analyzing five simulated data scenarios with a multi-model

8
inference framework. The final chapter provides a synthetic summary of my conclusions
from all chapters.
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Chapter 2: EVALUATING THE EFFICACY OF ADAPTIVE MANAGEMENT
APPROACHES: IS THERE A FORMULA FOR SUCCESS?1

Abstract:
Within the field of natural-resources management, the application of adaptive
management is appropriate for complex problems high in uncertainty. Adaptive
management is becoming an increasingly popular management-decision tool within the
scientific community and has developed into two primary schools of thought: the
Resilience-Experimentalist School (with high emphasis on stakeholder involvement,
resilience, and highly complex models) and the Decision-Theoretic School (which results
in relatively simple models through emphasizing stakeholder involvement for identifying
management objectives). Because of these differences, adaptive management plans
implemented under each of these schools may yield varying levels of success. I
evaluated peer-reviewed literature focused on incorporation of adaptive management to
identify components of successful adaptive management plans. My evaluation included
adaptive management elements such as stakeholder involvement, definitions of
management objectives and actions, use and complexity of predictive models, and the
sequence in which these elements were applied. I also defined a scale of degrees of
success to make comparisons between the two adaptive management schools of thought.
My results include the relationship between the adaptive management process
documented in the reviewed literature and my defined continuum of successful outcomes.

1

Published as: McFadden, J.E., T.L. Hiller, A.J. Tyre. 2011. Evaluating the efficacy of adaptive
management approaches: Is there a formula for success? Journal of Environmental Management 92, 1354–
1359.
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My data suggests an increase in the number of published articles with substantive
discussion of adaptive management from 2000 to 2009 at a mean rate of annual change of
0.92 (r2 = 0.56). Additionally, my examination of data for temporal patterns related to
each school resulted in an increase in acknowledgement of the Decision-Theoretic School
of thought at a mean annual rate of change of 0.02 (r2 = 0.6679) and a stable
acknowledgement for the Resilience-Experimentalist School of thought (r2 = 0.0042;
slope = 0.0013). Identifying the elements of successful adaptive management will be
advantageous to natural-resources managers considering adaptive management as a
decision tool.
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INTRODUCTION
Natural-resources managers are faced with value-laden decisions high in
complexity, risk, and uncertainty (Levin, 1999; Gunderson and Holling, 2002; Berkes,
2004). The application of conventional research methods is often insufficient to support
effective decision-making under these circumstances, particularly when decisions must
be made regardless of the level of knowledge or uncertainty. There is a critical need to
improve how research is incorporated into management decisions where uncertainty
places limitations on contributions of science (Reynolds et al., 1996; Lee and Bradshaw,
1998; Berg et al., 1999; Robertson and Hull, 2001). Complex decisions involving risk in
business and economics are often approached using structured decision-making (SDM),
described by proponents as "a formalization of common sense for situations too
complicated for the informal use of common sense" (Keeney, 1982, p. 806). Although
such formal decision-making skills may be underdeveloped by natural-resources
managers, the use of SDM is becoming more prevalent within the field of natural
resources (Gregory and Keeney, 2002; Conroy et al., 2008; Gregory and Long, 2009).
By repeating decisions within an SDM approach, natural-resources managers can learn
through an ongoing process of implementing various management actions, monitoring
management outcomes, and updating ecological models by comparing actual outcomes
with expected outcomes (Hilborn and Walters, 1981; Walters, 1986; Williams, 1996;
Carpenter, 2002; Johnson et al., 2002). This ongoing (i.e., iterative) learning process,
learning by doing, is known as adaptive management.
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Throughout the development of natural-resources management, research, and
monitoring, natural-resources managers have experienced numerous advancements in
monitoring and research methods. There remains a need to further improve and develop
the tools for decision making that integrate an active-learning process (Walters and
Holling, 1990; Walters, 1997). Though there appears to be reluctance by some naturalresources managers to use adaptive management (Blumstein, 2007), it is becoming an
increasingly popular concept and has developed within several governmental agencies,
resulting in varying definitions of the process. However, there are commonalities
amongst the various agencies regarding the adaptive management process, including
establishing an iterative process that involves sharing of responsibilities and decisionmaking among managers, biologists, and stakeholders (Ruitenbeek and Cartier, 2001).
These decision-makers collaborate to develop management plans that allow for analyses
of large-scale ecosystem problems through implementing various management actions
based on appropriate measurable objectives (Walters, 1997; Holling, 2001; Hughes et al.,
2007). However, adaptive management may result in variable degrees of success
(Walters, 1997). For natural-resources managers, it is important to improve
understanding of the adaptive management process by identifying correlates of success
within the available adaptive management literature. Managers can also apply learning
by doing to the particular adaptive management approaches that have been implemented
(Johnson, 2006; Runge et. al, 2006; Williams et. al, 2007). In other words, it is necessary
to “adaptively manage” the field of adaptive management by testing different decision-
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making and modeling approaches, monitoring these management outcomes, and
changing our practices to deliver better management outcomes.
Overall, there are two dominant adaptive management schools of thought
(Figure 1) which most adaptive management plans and approaches seem to follow: the
Resilience-Experimentalist Adaptive Management School which originates from the
work of Gunderson et al. (1995), and the Decision-Theoretic Adaptive Management
School exemplified by Possingham et al. (2001) and the U.S. Department of Interior
(Williams et al., 2007). Management of the Florida Everglades (Walters et al., 1992;
Milon et al., 1997; Gunderson, 2000; Gunderson and Light, 2006) and the Glen Canyon
Dam Adaptive Management Program (Walters and Holling, 1990; Lee, 1999; Meretsky
et al., 2000; Pulwarty and Melis, 2001) are well-known examples of the implementation
of the Resilience-Experimentalist Adaptive Management School. In this school, there is
high emphasis placed on obtaining a shared understanding among stakeholders of the
system during the entire process, especially before defining objectives and management
actions. In addition, proponents of this school also require active learning about
ecosystem resilience, i.e., the capacity of an ecosystem to remain within its current state
or return to its original state following perturbation (Walters, 1997; Holling, 2001;
Hughes et al., 2007).
Alternatively, the Decision-Theoretic School, more heavily influenced by
decision theory, also stresses communication among stakeholders, but communication is
focused on defining the management problem, objectives, and actions prior to developing
process models. The North American Waterfowl Management Plan (Johnson et al.,
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1993; Johnson and Williams, 1999; Nichols et al., 2007) and conservation of red knots
(Calidris canutus) and horseshoe crabs (Limulus polyphemus) in Delaware Bay
(McGowan et al., 2009) are examples of the Decision-Theoretic School where decision
theory approaches have been incorporated into the adaptive management process. These
differences may appear minor, but the process for the Decision-Theoretic School often
leads to less complex ecological models that are centered on the decision problem (e.g.,
Conroy et al., 2008), whereas the process for the Resilience-Experimentalist School leads
to complex ecological models that include all potentially significant details of the
ecosystem (e.g., Davis et al., 1994; Light and Dineen, 1994).
There are many organizations that promote adaptive management in ways that are
broadly consistent with each school of thought (Table 1). The Adaptive Environmental
Assessment and Management process (Holling, 1978), Collaborative Adaptive
Management Network (2004), Sustainable Ecosystems Institute (2007), and Foundations
of Success (2009) generally appear to follow the Resilience-Experimentalist School. The
process of Adaptive Environmental Assessment and Management focuses on
understanding dynamic environmental systems through developing computer simulations
under multiple management actions (Holling, 1978; Gunderson et al., 1995; Blann and
Light, 2000). Similarly, the involvement of the Collaborative Adaptive Management
Network in the management process is to facilitate adaptive management decisions,
promote integrity and improved learning through collaboration of expertise, and serve as
a primary role in adaptive management training of skilled managers in the field. The
application of these various aspects of the Collaborative Adaptive Management Network
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result in an increase in learning and efficacy of management plans. The Sustainable
Ecosystems Institute and Foundations of Success have similar roles in working with
natural-resources agencies to develop adaptive management-based tools and decisionmaking strategies for providing natural-resources managers with problem-specific related
facilitation, advising, and training services for individuals and organizations in need.

Figure 1. A comparison of the two dominant adaptive management schools of thought:
the Resilience-Experimentalist Adaptive Management School and the Decision-Theoretic
Adaptive Management School.

Table 1. Comparison of five selected decision-making methods within the adaptive management literature including Gunderson’s et
al. (1995) Adaptive Environmental Assessment and Management (AEAM), Possingham’s (2000) Structured Decision Making (SDM),
Collaborative Adaptive Management Network (CAMNet; 2004), Department of Interior (DOI) Adaptive Management (AM) Protocol
from the DOI AM Technical Guide (Williams et al., 2007), and Foundations of Success (FOS) with the Sustainable Ecosystem’s
Institute (SEI, 2007). Comparison criteria include nine adaptive management related variables found from adaptive management
literature along where variables were ordered (i.e. Order of Variables) according to their sequence within each decision-making
method.
Adaptive Management Decision-Making Methods
Variable

Gunderson's et al.
(1995) AEAM

Possingham’s
(2000) SDM

CAMNet
(2004)

DOI AM Protocol
(2007)

FOS & SEI
(2007)

1. Stakeholder
Involvement
Emphasis

Yes; entire process

Yes; for
objectives

Yes; entire
process

Yes; for objectives

Yes; entire
process

2. Define Objectives

Yes

Yes

Yes; Key
Decision Points

Yes

Yes

3. Multiple Actions

Yes

Yes

Yes

Yes

Yes

Conceptual
Modeling; rarely
predictive

Yes

No

4. Predict Consequences

5. Specify Constraints
6. Acknowledge
Uncertainty

Yes; multiple
Yes; decisioncompeting hypothesis
making protocol
and modeling
Yes; specifically
policy

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No
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Table 1. continued.
Adaptive Management Decision-Making Methods
Gunderson's et al.
(1995) AEAM

Possingham’s
(2000) SDM

CAMNet
(2004)

DOI AM Protocol
(2007)

FOS & SEI
(2007)

7. Explicit
Experimentation

Yes

No

Yes

Yes

Yes

8. Monitoring

Yes

Yes

Yes

Yes

Yes

9. Active Learning
Emphasis

Yes

No

Yes

Yes

No

Order of variables

1,4,5,2,3,6,7,8,9

2,3,5,6,4

1,2,4,6,7,8

2,3,4,5,6,7,8

1,2,3,5,7,8

Variable
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The seven steps of SDM developed by Possingham et al. (2001) and Williams et
al. (2007) are examples of the Decision-Theoretic school of thought. Possingham et al.
(2001) included monitoring and analysis of implemented management actions within the
SDM process. Here, the SDM process is designed to aid managers by developing
ecological models to predict which action is best within the set of actions available.
Under this approach, natural-resources managers are provided with a method for
prioritization of objectives and actions based on consequences of decisions and tradeoffs
among objectives and active learning is achieved by requiring ongoing testing and reevaluation of previous decisions. Similarly, in developing an Adaptive Management
Technical Guide and problem-scoping key, the Department of Interior provides aid for
identification of appropriate problems and implementation of adaptive management
(Williams et al., 2007).
Despite the differences between schools discussed above, a recurrent theme in all
adaptive management approaches is the ongoing monitoring of measurable objectives
while also implementing selected actions (Walters and Holling, 1990; Field et al., 2004;
Gerber et al., 2005). With active learning and continuous monitoring, uncertainty
decreases and forecast management outcomes are more easily predicted (Walters, 1986,
1997). This allows for more informed decision making as the number of iterations
increase in the adaptive management process.
While promotion of individual approaches to adaptive management occurs, there
is no comparative overview of different adaptive management approaches (i.e., schools of
thought). Scientific literature acknowledges that for the successful application of
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adaptive management, there must be a cumulative experience of the process through
building a thorough understanding of the various elements (Gerber et al., 2007). Overall,
with multiple approaches emphasizing different elements, it is imperative that managers
fully understand their needs and desired outcomes on a project-level basis. When
managers are faced with many requirements, responsibilities, and other external
pressures, they require a method with a high level of efficacy that incorporates decisionmaking tools and adaptive management as a sustained active-learning process. My
objective was to assess the two dominant adaptive management schools of thought in the
literature to determine which approach is applied most successfully based on my a priori
set of criteria. I related the success of each case study described in the literature to their
assigned adaptive management approach (i.e., Decision-Theoretic, ResilienceExperimentalist, Other). My goal was to increase efficacy of adaptive management
approaches for natural-resources management by investigating the correlations among
process, success, and efficacy of each approach.

METHODS
I searched a selection of peer-reviewed literature for published case studies
incorporating adaptive management approaches to evaluate how successful outcomes
vary by adaptive management school of thought. I selected eight scientific journals in the
top ranks of ecology, conservation biology, and fisheries and wildlife management. I
searched all articles from 2000 to 2009, unless limited to a shorter period by access,
within The Journal of Wildlife Management, Ecology, Conservation Biology,
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Conservation Ecology (2000–2003), Ecological Applications, Journal of Applied
Ecology, Wildlife Research (2008–2009), and Canadian Journal of Fisheries and Aquatic
Sciences. In selecting case studies for review, I required an article to contain the term
“adaptive management” within the document text. For my analysis of all adaptive
management articles, I used a linear regression to describe the relationship of adaptive
management articles as a function of time and the coefficient of determination (r2) to
quantify the model fit.
To evaluate the success of different adaptive management schools of thought, I
first defined success. The Merriam-Webster dictionary defines success as “a favorable or
desired outcome” (Merriam-Webster, 2010). In applying this definition to the adaptive
management process, there can be a wide range of outcomes considered successful. For
example, Plan A may be more successful than Plan B if Plan A engaged in more active
learning through implementing management actions over several years. Alternatively,
Plan A may be less successful if only Plan B met its specified objectives. Formal
analysis of a decision problem, meeting objectives, engaging in active learning, and
implementing management actions are all vital steps during the adaptive management
process. In arriving at a definition for success, I asked four questions: Was an explicit
formal analysis of the decision conducted? Does the resulting management plan include
an iterative cycle? Was a management action implemented? Did the implemented action
achieve the desired outcome? For purposes of this analysis, I acknowledged that there is
a range of “successful” adaptive management up to and including achieving objectives
and implementing actions from which management can learn.
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I described five hierarchical categories (Mention, Theory, Suggest, Framework,
and Implement) and divided articles according to the extent to which adaptive
management was implemented based on information within each article. The Mention
category included articles that used adaptive management merely as a catch phrase; these
were not directly included in the analysis. The Theory category included articles
discussing adaptive management in a general theoretical context about the application of
adaptive management practices, but which lacked a description of a specific case study.
The Suggest category included articles acknowledging adaptive management as an
appropriate approach for a particular management problem or management practice, but
that did not provide a complete analysis of a specific problem. The Framework category
described articles that, in addition to acknowledging adaptive management as an
appropriate approach, provided a decision-based framework for a specific management
problem. The Implement category described articles where a management action was
implemented, the outcome monitored, and the results incorporated into the next
management decision. This category also included articles where improvements were
incorporated to an existing adaptive management framework. I assigned articles to the
category Against if they deemed adaptive management an inappropriate approach for
their management problem.
Case studies categorized as Framework or Implement articles were required to
have stated objectives relevant to adaptive management, and have more than one
management action to choose from for implementation. I established a list of variables
found in the articles used for decision-making and management, including measurable

28
objectives, defined actions, stakeholder involvement, forecasted consequences, legal
obligation, and action implementation. I defined these variables and the order in which
they appeared throughout the adaptive management process for each case study. To
compare case studies further, I identified the most appropriate school of thought for each
based on original descriptions of each approach (e.g., Gunderson et al., 1995;
Possingham et al., 2001). Using the average number of case studies per success category,
I obtained the mean level of success for each approach. For my analysis of success
categories, I used a linear regression to describe the relationship of the proportion of
articles in each success category as a function of time and the coefficient of determination
(r2) to quantify the model fit. I used similar methods for my analysis of schools of
thought where the proportion of articles in a school of thought is a function of time. To
evaluate the relationship between success and a specific adaptive management school, I
identified patterns of adaptive management variables within both schools that yielded
similar levels of success.

RESULTS
I identified 96 scientific articles from eight scientific journals with some
substantive reference of the term adaptive management and found a basic temporal trend
regarding discussion of adaptive management (Figure 2). My data showed an increase in
number of published articles with substantive discussion of adaptive management from
2000 to 2009 at a mean rate of annual change of 0.92 (r2 = 0.5574), or about one article
per year. Of my reviewed literature, I assigned 18% (n = 17) of articles to Theory, 42%
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(n = 40) to Suggest, 24% (n = 23) to Framework, 14% (n = 13) to Implement, and 3% (n
= 3) to Against. The number of published articles that reported implementation of
management actions within an adaptive management framework was low (24%) within
my selected journals and years. In addition, I found three articles advising against the
general concept of adaptive management, usually suggesting that adaptive management
was not a practical approach for their particular study. For a complete list of my
reviewed literature by school of thought and success category refer to Appendix A in the
supplemental material.
I found unique trends for each success category, particularly for Theory and
Suggest categories, over time. For Theory, I observed a slight decrease in the proportion
of articles discussing adaptive management in concept at a mean annual rate of change of
-0.02 over the last ten years (r2 = 0.1907), but found an increase in the proportion of
articles in the Suggest category at a mean rate of annual change of 0.03 (r2=0.2442;
Figure 3). There was no conclusive trend in the percentage of the Framework (r2 =
0.0026; m = -0.003) and Implement (r2 = 0.0238; m = -0.0076) categories since 2000.
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Figure 2. Number of scientific articles that reference the term adaptive management (n =
96; not including the Mention articles) from eight scientific journals by year from 2000 to
2009. Linear regression suggested a slope of 0.92 and r2 = 0.56.

Figure 3. The percentage of scientific articles in the suggest category over time from
2000–2009. Linear regression suggested a slope of m = 0.0346 and r2=0.2442.
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After I sub-divided each category into the two schools of thought, I assigned 20%
(n = 9) of articles to Theory, 39% (n = 18) to Suggest, 30% (n = 14) to Framework, and
11% (n = 5) to Implement within the Resilience-Experimentalist School of Thought
(Figure 4). I assigned 0% (n = 2) of articles to Theory, 26% (n = 6) to Suggest, 35% (n =
8) to Framework, and 30% (n = 7) to Implement within the Decision-Theoretic School of
Thought. My examination of data for temporal patterns related to each school resulted in
an increase in acknowledgement of the Decision-Theoretic School of thought at a mean
annual rate of change of 0.02 (r2 = 0.6679) and a stable acknowledgement for the
Resilience-Experimentalist School of thought (r2 = 0.0042; m = 0.0013; Figure 5).

Figure 4. The percentage of scientific articles by success category for the ResilienceExperimentalist School of Thought (20% (n = 9) to Theory, 39% (n = 18) to Suggest,
30% (n = 14) to Framework, and 11% (n = 5) to Implement), the Decision-Theoretic
School of Thought (0% (n = 2) to Theory, 26% (n = 6) to Suggest, 35% (n = 8) to
Framework, and 30% (n = 7) to Implement), and other (25% (n = 6) to Theory, 67% (n =
16) to Suggest, 0% (n = 1) to Framework, and 0% (n = 1) to Implement).
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Figure 5. The percentage of scientific articles with some reference of the term adaptive
management (not including the Mention articles) from eight scientific journals by year
from 2000 to 2009 categorized by two adaptive management schools, the ResilienceExperimentalist with r2 = 0.00; m = 0.0013; n = 10 (41 total articles) and the DecisionTheoretic with r2 = 0.67; m = 0.0232; n = 10 (24 total articles).

DISCUSSION
Based on my results, I have evidence that the amount of published literature
related to adaptive management has increased over the last decade, at least within the
limited set of selected journals. In addition, the increase was not uniform among success
categories. I originally expected the Theory and Suggest articles to decrease and the
Framework and Implement articles to increase over time as an indication of increased
acceptance and use of adaptive management. However, although Theory articles slightly
decreased over time, the observed increase was in Suggest articles rather than Framework
or Implement. It appears the current movement of adaptive management in practice is
from discussion in a conceptual sense to a realization of the tool being useful in a
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practical manner, but perhaps not yet to implementation. This suggests that the amount
of time for theory to reach practice may be longer than the period of my analysis. While
managers in the field of natural resources generally acknowledge adaptive management
as an appropriate approach for managing complex ecosystems, the managers may
experience difficulty in proceeding with the adaptive management process to the
implementation stage. As suggested by Hobbs and Hilborn (2006), one difficulty in
applying adaptive management in its original design by Holling (1978) lies in a lack of
natural-resources researchers and managers trained in SDM, adaptive management,
maximum likelihood, and Bayesian methods (Powell et. al, in press). Alternatively, it
may be that successful implementations do not generate publishable articles, either
because of a lack of interest on the part of managers in publishing, or because journal
editors and referees do not regard such articles as worthy of publication.
The distribution of articles among categories differed for each school.
Numerically, the Resilience-Experimentalist School contained more Suggest and
Framework articles than the Decision-Theoretic School, but proportionally, the DecisionTheoretic School had more Framework and Implement articles than Suggest articles. The
difference between the distribution of categories for each school may show that the
Decision-Theoretic School is easier to use for developing frameworks for naturalresources management.
It appears the Decision-Theoretic School provides a framework more conducive
to implementing a management action than the Resilience-Experimentalist School, as
there were proportionally more Implement articles under the Decision-Theoretic School.
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The frameworks developed under the Decision-Theoretic School may result in higher
efficacy because the Decision-Theoretic framework utilizes simple models to make
decisions (Possingham et al., 2001). In turn, increased efficacy in the process may lead
to an easier documentation process explaining the higher percentage of Framework and
Implement articles for the Decision-Theoretic School.
An equally important difference, experimentation, may also yield higher difficulty
in management implementation for those following the Resilience-Experimentalist
School; in particular, the risk that an experiment will fail to achieve the management
objective is a substantial barrier to achieving management implementation (Gregory et
al., 2006). According to the Decision-Theoretic School, experiments are not required,
but can be replaced with tradeoff analysis in situations where it is difficult to implement
controlled experiments in large-scale ecosystems (McCarthy and Possingham, 2007).
While the exact mechanism causing such a difference between schools regarding number
of Framework articles is unknown, recent case studies demonstrate multiple barriers to
management implementation success. Such barriers include modeling difficulties,
institutional rigidity, high financial costs, stakeholder dissention, and high political risks
(Hilborn and Walters, 1981; Walters, 1997; Gunderson, 1999; Sutherland, 2006).
My findings may be biased to some extent by my definitions of adaptive
management and success. Given the vague linguistic nature of some literature reviewed
for my study, the categorization of case studies is and must be subjective to some degree.
Additionally, I looked at relatively broad definitions of schools of thought because each
approach may evolve by some unknown, but probably small, rate. I assumed that the
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broad framework within each school did not evolve enough through time to affect my
results, which covered a relatively short period (2000 to 2009).
Scientific literature acknowledges that successful application of adaptive
management requires building a thorough understanding of the various elements of the
process through cumulative experience (Gerber et al., 2007). My study takes the first
meta-analytical perspective on adaptive management, explicitly recognizing and
comparing different approaches and definitions of the process. Regardless of the
challenge of publishing adaptive-management work that is applied in comparison to
theoretical, I may see a longer delay in published works categorized as Framework and
Implement due to the time scale of implementing adaptive management given the slow
transfer of technology. If adaptive management is to improve as an approach to
management under uncertainty, it is imperative to study the process of adaptive
management itself, including all approaches. My study evaluated two dominant schools
of thought in the adaptive management field and showed that adaptive management as a
concept continues to evolve through shifts in the dominant school of thought, as well as
gain greater acceptance as a possible framework for management.
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Chapter 3: PROJECTING POPULATION RESPONSES TO MANAGEMENT ON
THE LOWER PLATTE RIVER, NEBRASKA, FOR LEAST TERNS AND
PIPING PLOVERS WITH A QUANTITATIVE MODEL

Abstract:
In natural-resources management, adaptive management is appropriate for
complicated problems with high levels of uncertainty. Adaptive management emphasizes
stakeholder involvement, decision-making, and predictive models. The lower Platte
River (LPR) in Nebraska is a complicated ecosystem where resources management
decisions affect endangered and threatened species such as the Interior Least Tern
(Sternula antillarum athalassos) and Piping Plover (Charadius melodus). Because there
is high uncertainty associated with the responses of these two avian species to habitat
restoration and other resource uses, a projection model for an adaptive management plan
is valuable. I developed a projection population model for terns and plovers on the LPR
modified from a similar existing model for the Missouri River ecosystem. My model
estimates population sizes based on age-structured matrices for two areas of the LPR: onchannel (i.e., sandbars) and off-channel (i.e., sandpits) breeding and nesting habitat. To
guide model development, I established two conceptual models for terns and plovers that
visually showed the connection between processes and habitat and population state
variables. I obtained all input parameters from experts, monitoring data from the Tern
and Plover Conservation Partnership and the Nebraska Game and Parks Commission, and
peer-reviewed literature. I included several sources of uncertainty including partial
observability, structural uncertainty, and natural variation. I developed 13 management
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scenarios that varied by the rate of habitat loss to examine the birds’ responses to changes
in habitat availability. I conducted a sensitivity analysis to explore which input
parameters had the greatest effect on population sizes for each avian species. Model
results suggest that population sizes for each species respond similarly for short-term
simulations, but differ for long-term scenarios. The sensitivity analysis suggested that
hydro-peaking had the greatest effect on tern population size and productivity had the
greatest effect on plover population sizes. The population model is a valuable tool in
measuring the annual status of the two avian species and adaptively managing the habitat
on the LPR. With multiple management objectives and competing management
alternatives, this model will aid in testing implications of alternatives based on avian
population’s responses to various habitat alterations. This projection model will be a
useful technical tool for resources managers to select the best management alternative by
comparing outcomes projected by the model for a set of alternatives. The model can be
updated as monitoring of avian populations on the LPR continues. Further, the
sensitivity analysis provides a method for prioritizing research needs. The ability of this
quantitative model to adapt to new information makes it ideal for projecting management
implications for terns and plovers on the LPR within an adaptive management context.
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INTRODUCTION
The lower Platte River (LPR), Nebraska, is a large and complicated river system
that provides resources for a multitude of wildlife species in the Midwest. Given the
relatively unaltered nature of the LPR (Bental, 1982), sandbars are more abundant on the
LPR than on the central Platte River (CPR) as the LPR retains characteristics of a braided
channel and ephemeral sandbars (Kirsch, 1996; NRC, 2005; Parham, 2007). Broad
channels with ephemeral sandbars are maintained on the LPR through periodic high
flows with large amounts of sediment (Bental, 1982). However, there are multiple
anthropogenic uses of river resources including mining operations, agriculture, and urban
growth, which may impose external stressors on river functions and processes.
Additionally, the LPR provides habitat for several endangered and threatened species on
the LPR, particularly the endangered Interior Least Tern (Sternula antillarum athalassos)
and threatened Piping Plover (Charadius melodus).
The Least Tern was listed as a state and federally endangered species in 1985
(U.S. Fish and Wildlife Service, 1985a) and the Piping Plover as a state and federally
threatened species in 1985 (U.S. Fish and Wildlife Service, 1985b). Although nesting
habitat provided along the LPR is no longer included in the critical habitat that was
designated in 2002 for the Northern Great Plains breeding populations, the birds do
utilize the LPR for breeding and nesting. Various management agencies along the LPR
pursue management actions focused on the recovery of each species.
Nesting habitat requirements for both species broadly includes bare or sparsely
vegetated sand, such as river sandbars, shorelines, and off-river sandpits resulting from
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mining operations (Ziewitz et al., 1992; Jenniges and Plettner, 2008). Monitoring by
Nebraska Game and Parks Commission suggests that sandpits are currently used for
nesting habitat proportionally more than sandbars by birds of both species (Brown and
Jorgensen, 2009).
Brown and Jorgensen (2008) suggest the Least Tern population was relatively
stable and the Piping Plover population was declining steadily on the LPR over the past
two decades. As both species utilize bare sand at various locations (i.e., sandbars and
sandpits) that potentially differ in resource availability, there may be differences in the
productivity of the birds nesting at each site. Productivity differences may be aggravated
by variations in sandbar quality throughout portions of the LPR, leading to possible
changes in location of nesting activities (J. Jorgensen, Personal Communication).
However, as suggested by Palmer (2009), the quality of sandbars for nesting depends on
river processes such as discharge and sediment load, and thus human activities.
Therefore, changes in nesting locations may be an indicator of decreased sandbar habitat
quality (Schweitzer and Leslie, 1999; Joeckel and Henebry, 2008). In addition, sandpit
sites along the LPR are desirable housing development sites (M. Brown, Personal
Communication), so under current river management, both habitat types are at risk of
declining, or continuing to decline.
Natural-resources managers of the LPR are confronted with a complicated
ecosystem where the two avian species’ responses to habitat restoration and development
are highly uncertain. One possible solution to decreasing the uncertainty about the
species’ responses to habitat alterations is to implement management actions for the
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recovery of endangered Least Tern and threatened Piping Plover in an adaptive
management framework. Adaptive management is an iterative process that emphasizes
stakeholder involvement, decision-making, uncertainty, and using models to formalize
expected outcomes (Gregory and Keeney, 2002; Williams et al., 2007). Adaptive
management is most effective for management decisions high in uncertainty where the
decision-maker(s) has high controllability (Williams et al., 2007). When adaptively
managing populations, population projection models are used to evaluate management
consequences based on current data (Nicolson et al., 2002; Possingham et al., 2001;
Williams et al., 2007). In an iterative decision-making context, projection models are
continuously updated as more monitoring data becomes available which will influence
future management decisions (Walters, 1986, 1997; Carpenter, 2002).
I developed a simple population model for Least Terns and Piping Plovers on the
LPR that projects two state variables: habitat area and population size. I initiated model
development at a rapid prototyping workshop organized and facilitated by Dr. Andrew J.
Tyre and myself. The workshop consisted of a small collaborative group of biologists
and managers from the Nebraska Game and Parks Commission, the Tern and Plover
Conservation Partnership, and the University of Nebraska-Lincoln, specializing in the
recovery of Least Terns and Piping Plovers on the LPR. The initial workshop goals were
to define the management problem, objectives, and actions using structured decisionmaking. I developed the following decision problem to guide model development: How
do natural-resource managers best allocate resources, such as funding and time, for
maintenance and restoration of the two habitat types, sandbars and sandpits, on the LPR
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to achieve the recovery objectives of Least Terns and Piping Plovers over the next 20
years? As the group developed multiple management objectives and an extensive list of
competing actions, it became apparent that decision-making might benefit from
developing a population model. To develop the population model, I estimated agespecific parameters for each species and the effect of habitat factors on life history
parameters from available monitoring data, expert opinion, and literature. This was used
to determine the sensitivity of each population to each input parameter.

METHODS
STUDY AREA
The LPR consists of 103 river miles beginning at the confluence of the Loup
River and ending at the confluence of the Missouri River. Large sediment loads
transported in intermittent high flows for sandbar maintenance occurs more often on the
LPR (Bental, 1982; Eschner, 1983; Rodekor and Engelbrecht, 1988; Kirsch, 1996; NRC,
2005) than in the CPR, Nebraska. Despite a more natural sediment load in the LPR, there
are factors imposing stress on the river that alter wildlife habitat and place restrictions on
management potential to restore or create riverine habitat. Such factors include urban
growth from Nebraska’s two largest cities, Lincoln and Omaha, mining operations with
high water demands located throughout the LPR corridor, and a hydro-electric generating
plant on the Loup River that traps sediment and alters the river’s hydrograph by
introducing hydro-peaking. Although sandbar development is relatively sustained by
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sedimentation in the river, alterations of wildlife habitat are likely to increase as a result
from escalations in urban growth, mining, and hydro-power demands.
NESTING HABITAT TYPES
The LPR corridor contains two main habitat types for terns and plovers, sandbars
and sandpits. Sandbars are unvegetated islands within the river channel, whereas
sandpits are unvegetated areas of sand off-channel created by mining operations. As the
birds require bare sand for nesting, they are able to utilize both habitat types. Kirsch
(1996) suggested that terns do not distinguish between habitats because they have similar,
although highly variable, productivity in both habitats. Nonetheless, there may be a
difference in the relative value for the birds. Brown and Jorgensen’s (2008, 2009) work
suggested that tern nest and chick survival was greater for individuals nesting on
sandbars than sandpits. Regardless of whether terns perceive differences between the
two habitat types, it is important to determine how changes in the absolute and relative
amounts of sandbars and sandpits affect the population dynamics of each species.
CONCEPTUAL MODEL
I developed a conceptual model of the population and habitat models that show
the processes that connect the state variables within the model (Figures 1 and 2). State
variables for the habitat model are the total area of both habitat types, and state variables
for the population model are total number of individuals in each age class for each
species. State variables of the population model are influenced by both habitat types
from the habitat model through density and immigration and emigration from and to both
habitat types.
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Figure 1. Conceptual model depicting the interactions between the habitat model and
Piping Plover population model. Bold square boxes display state variables and roundedged boxes show processes between state variables indicated through arrows. The
habitat loss rates include changes in erosion and vegetation processes for sandbar area
and include changes in development and mining operations that affect sandpit area.

Figure 2. Conceptual model depicting the interactions between the habitat model and
Least Tern population model. Bold square boxes display state variables and round-edged
boxes show processes between state variables indicated through arrows. The habitat loss
rates include changes in erosion and vegetation processes for sandbar area and include
changes in development and mining operations that affect sandpit area.
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POPULATION MODEL
I developed a post-breeding age-structured population model (Caswell, 2001) that
projects tern and plover populations through time in response to changes in habitat using
Microsoft Excel (Microsoft, 2007). I accounted for parameter uncertainty as well as
demographic and environmental stochasticity within the system by utilizing Monte Carlo
simulation. State variables for the population model were the number of individuals for
each age class of each species in both habitats. The age classes are the number of plover
after hatch year birds (AHY) and hatch year birds (HY) and total number of tern after
second hatch year birds (ASY), HY birds, and second hatch year birds (SHY). The total
population size consists of all breeding individuals for each species, AHYs and ASYs,
from both habitat types and can be related to possible species recovery targets.
Additionally, hatch year ratio, a ratio of the number of HY to the number of AHY or
ASY birds, is calculated for both species as an output metric. As the model is based on
monitoring data from annual post-breeding censuses, it calculates projections of
population sizes and hatch year ratios annually based on the previous year. The shortterm model currently simulates 10 years and the long-term model 100 years. The time
period of the model is flexible, and can be adapted to management requirements.
Population Dynamics
I established an age-structured matrix for both species where individuals are
classified based on their differing reproductive and survival rates as functions of age
(Owen-Smith, 2007). This allows the model to calculate the changes in the number of
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individuals over time of each age class at increments of 1 year. The age-structured
matrix for plovers contains two survival rates (S) and two fecundity rates (F)

where S0 is the survival rate of HY birds and S1 is the survival rate of AHY birds. The
tern age-structured matrix contains three survival rates and three fecundity rates

where S0 is the survival rate of HY birds, S1 is the survival rate of SHY birds, and S2 is
the survival rate of ASY birds. As the ASY and AHY birds in each population have the
same survival and reproduction rates from year to year, I represented all ASY and AHY
age classes in one final age class according to the Usher matrix notation. I assumed
effects of predation are accounted for in the model through the estimation of survival
rates.
I incorporated dispersal between habitats into the model by assuming that
individuals disperse before they are reproductively mature and continue to nest in the
same habitat type throughout adulthood from year to year. I accounted for demographic
stochasticity in fecundity and survival by using random variables with appropriate
distributions. For the number of HY birds produced by ASY and AHY birds, I used a
negative binomial distribution, which includes environmental stochasticity, demographic
stochasticity, and demographic heterogeneity (Melbourne and Hastings, 2008). I used
binomial distributions to calculate the number of ASY, AHY, and SHY survivors.
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I used binomial distributions to incorporate demographic stochasticity in survival
in the number of AHY birds:

where

is the number of plover AHY birds for year t,

plover AHY birds in the current year,
year,

is the survival rate for

is the number of plover HY birds in the current

is the number of plover emigrants in the current year,

plover immigrants in the current year, and

is the number of

is the survival rate for plover HY birds in

the current year. I used the following equation to estimate the number of ASY terns with
a binomial distribution:

where

is the number of tern ASY birds for the following year,

of tern ASY birds in the current year,
current year,

is the survival rate for tern ASY birds in the

is the number of tern SY birds in the current year,

plover emigrants in the current year,
current year, and

is the number

is the number of

is the number of plover immigrants in the

is the survival rate for tern SY birds in the current year. I used the

following equation to estimate the number of SY birds for terns with a binomial
distribution:

where

is the number of SY terns in the following year,

terns in the current year, and

is the number of HY

is the survival rate for HY terns in the current year. I
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used the following equation to estimate the mean number of HY birds for both avian
species:

where

is the mean number of HY birds specific to the species (

natural log (2.718),

is the bird productivity at ,

divisor to allow for scaling,
peaking where when
does not affect

is the base of the

is the density at ,

is hydro-peaking effects at ,

= 1, hydro-peaking effects

,

and when

is the habitat

is a switch for hydro= 0, hydro-peaking

. I used a negative binomial distribution to estimate both the number of

HY terns and HY plovers:

where
and

is the number of HY birds at ,

is the negative binomial distribution,

is the carrying capacity. I used the following equations for each species to

estimate the number of emigrants and immigrants:

where

is the dispersal at

and

is the total area of available habitat at

.

Both species are linked to the annual variation in habitat area through the ratio of
habitat area to adult numbers. If the ratio is >0.01 acres / pair, the model will calculate an
expected number of hatch year birds. Additionally, Kirsch (1996) suggested densitydependence in chick and egg mortality for terns and Catlin (2009) suggests density-
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dependence in hatch year birds to recruitment for plovers. Given the findings of both
studies, I incorporated the effects of density-dependence into the productivity as a
function of nesting habitat area and population size. Therefore, as the density parameter
has indirect negative effects on the population size through the projection of hatch year
birds per year, the model simulates the relationship between population size and
productivity where when adult numbers increase, productivity of hatch year birds
decreases. I expected terns and plovers to respond differently to habitat modification and
restoration depending on the strength of density-dependence exhibited by each species.
Although Kirsch (1996) found stronger effects of density-dependence on sandpits than
sandbars, there was a great deal of variation in the data, and therefore I assumed similar
effects of density-dependence for birds nesting and fledging on both habitat types for
model simplicity.
Other sources of uncertainty incorporated into the model include partial
observability, epistemic uncertainty, and natural variation. Partial observability is
accounted for through detection rates, which assume that monitoring techniques do not
detect each individual. I accounted for epistemic uncertainty using distributions placed
on input parameters, which allowed the input parameters to vary continuously between
runs. Natural variation over time is driven by and accounted for through variation in
river discharge where specifically, environmental stochasticity affects productivity
through habitat area, which in turn is affected by discharge. Additionally, effects from
climate change will clearly alter discharge, but at this point climate change effects are
unknown regarding discharge on the LPR. However, when climate change effects are
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quantified, those effects can be incorporated into the model at that time. Until then, we
assume that climate change will affect the birds through discharge.
Parameter Input
The population model contains three classes of input parameters, survival
estimates, productivity components, and detectability, which are specific to each species
(Table 1). All input parameters were obtained from either monitoring data from
Nebraska Game and Parks Commission and the Tern and Plover Conservation
Partnership, current literature, or best estimates from experts. Estimates obtained from
experts were assumed to represent the mean of the subjective belief about the probability
distributions of each estimate. Normal distributions were placed on survival estimates
and productivity components. I assumed that nest success and HY survival are equal for
both habitat types (Kirsch, 2000).

Table 1. Input parameters and associated coefficient of variations and standard errors for
tern and plover population model that were obtained from current literature, research and
monitoring estimates, or best estimates from specialists.
Input
Parameter
Class

Temporal
Variability
(SE2)

Description

Parameter

Uncertainty
(CV1)

Plover
Survival
Estimates

After Hatch
Year

0.74

6

0.0074

Larson et al., 2000

Hatch Year

0.60

9

0.006

Tern Survival
Estimates

After Second
Year

0.80

6

0.0069

Hatch Year

0.81

9

0.0081

Expert3, 2008
Massey et al.,
1992; Renken and
Smith, 1995;
Thompson et al.,
1997
Massey et al.,
1992

Source
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Table 1. Continued.
Input
Parameter
Description
Class
Tern Survival Second
Estimates
Hatch Year
Bird
Productivity
Plover
Productivity
Components

Parameter

Uncertainty
(CV1)

Temporal
Variability
(SE2)

0.81

9

0.0081

0.38

47

0.019

Density

-0.22

31

0.0022

Dispersion

0.64

22

0.0064

-0.74

75

0.0075

0.58

47

0.0288

Density

-0.17

31

0.0016

Dispersion

0.99

22

0.0099

-0.74

75

0.0075

Hydropeaking
Bird
Productivity
Tern
Productivity
Components

Tern and
Plover
Detectability
1-4

Hydropeaking
After
Second/
Hatch Year
Hatch Year

Source
Massey et al.,
1992
USACE4 data,
2004-2007
USACE data,
2004-2007
USACE data,
2004-2007
Workshop
estimate, 2008
USACE data,
2004-2007
USACE data,
2004-2007
USACE data,
2004-2007
Workshop
estimate, 2008

0.70

Workshop
estimate, 2008

0.95

Workshop
estimate, 2008

CV = Coefficient of Variation (i.e., the amount of uncertainty placed on the parameter estimate), SE =
Standard Error, Expert = biologist from United States Fish and Wildlife Service, USACE = United
States Army Core of Engineers.

HABITAT MODEL
The hydrology of the river is a driving variable for processes on the river and
affects the productivity for birds nesting on sandbars (Licht, 2001). State variables for
the habitat model include discharge, available habitat for sandbars and sandpits, and
hydro-peaking. I obtained historical daily mean discharge in cubic feet per second (cfs)
data from 04/01/1949 through 12/31/2009 from USGS Gauge No. 0679600 at North
Bend, Nebraska (Figure 3). I used the following equation to simulate discharge from
historical data:
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where

is the simulated discharge (cfs) in the current year ( ) and

is the

historical discharge data (cfs) that allows the model to select a specific discharge
associated with year

. I assumed that available sandbar habitat is a function of

discharge (e.g., during extremely high discharge there is little available sandbar habitat).
Parham (2007) found when discharge begins to increase, available large disconnected
sandbar habitat increases exponentially until a threshold of around 5,480 cubic feet per
second (cfs) when the habitat begins to decline. I adapted Parham’s (2007) findings, by
scaling the predicted area based on the USGS Gauge data to estimated sandbar area for
2009 (Figure 4; J. Jorgensen, Personal Communication). I used the peak discharge from
the daily mean discharges throughout the month of May as an approximation of the
discharge birds would experience during nest initiation (Figure 5). I used the following
equation as adapted from Parham’s (2007) work:

where

is the percent of available habitat as a function of the best fit line for

based on historical data.
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Figure 3. The historical mean daily discharge data of the lower Platte River from USGS
Gauge No. 0679600 from 04/01/1949 through 12/31/2009 at North Bend, Nebraska.

Figure 4. The available sandbar habitat area on the lower Platte River as a function of
discharge from Parham (2007) applied to the USGS Gauge No. 0679600 daily mean
discharge data and habitat area data obtained from Nebraska Game and Parks
Commission.
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Figure 5. Selected peak mean daily discharge on the lower Platte River during the month
of May from USGS Gauge No. 0679600 from 04/01/1949–12/31/2009 at North Bend,
Nebraska.

For each simulation run, the model selected a random starting year between 1949
and 1999, and then used the actual observed sequence of annual discharge from the next
10 years of the historical discharge data. This procedure was modified for long-term runs
(model runs greater than 60 years), because the length of the simulation run exceeded the
length of the available gauge data. In the long-term runs, the model randomly selected
the discharge variable from the entire dataset for each simulated year. While simple, this
procedure assumes all temporal correlations in discharge between years are zero, and so
was only used to check the biological plausibility of the model over long time periods. I
used the following equations to estimate available sandbar area:
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where

is the historical sandbar area estimated for the following year (

the habitat loss rate for sandbars,

is the current sandbar area, and

),

is

is the simulated

area of sandbar habitat. I used the following equation to estimate the area of available
sandpit habitat:

where

is the area of simulated sandpit area for the following year,

sandpit area, and

is the current

is the habitat loss rate for sandpits. I account for anthropogenic

effects, such as development and mining operations, on the birds by assuming the birds
are affected through habitat availability. Depending on the severity of human effects,
can be altered appropriately.
Effects of hydro-peaking on the LPR documented by Elliot et al. (2009), present
daily fluctuations in the area of available sandbar habitat. Hydro-peaking results from
hydro-electric generating plants that require daily spikes in water discharge to meet
supply demands. As terns and plovers require ephemeral and variable habitat (Kirsch,
1996; Thompson et al., 1997), hydro-electric plants aid in decreasing natural production
of sandbars by generating daily flow spikes that result in frequent sandbar inundation,
trap suspended sediment necessary for sandbar construction, and result in a stabilized
hydrograph. A stabilized hydrograph decreases extreme high flow events that support
significant sandbar development. Therefore, hydro-electric plants pose threats to terns
and plovers nesting downstream. With the Loup River Power District generating hydropeaking events upstream from the LPR, I incorporated hydro-peaking as a parameter with
negative effects on the production of HY birds.
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SCENARIO DESCRIPTION
For demonstration purposes, I developed a set of thirteen scenarios that varied the
rate of habitat loss for each type of habitat to assess the population consequences for terns
and plovers (Table 2). I ran 1,000 iterations for each scenario over ten years, from 2008
through 2018. I selected two scenarios of the thirteen scenarios, the Status Quo and Total
Loss, to run out to 2100, simulating long-term habitat and population responses. Model
runs initiate in 2008 as based on monitoring data during 2008 forecasting from the
monitoring data and then projecting forward from 2008. There are multiple definitions of
breeding and nesting habitat in the Great Plains region for terns and plovers (Faanes,
1983; Adolf, 2001; Marcus et al., 2007). Given the potential discrepancy in the
definition of habitat (Hall et al., 1997; Hodges, 2008), it is important that I be clear in
what I refer to as habitat in my study. The definition of habitat used to determine the area
of available habitat incorporated in the model is any area of bare and open, unvegetated
sand near a body of water and any mid-channel sandbar detached from the shoreline (M.
Brown, Personal Communication). However, the model is not dependent on a single
definition of habitat, as long as the definition is kept in mind when comparing projections
with other results. The definition that will be most useful is dependent on the defined
objectives (Colyvan et al., 2009); it can be changed in the future if those objectives
change. The scenarios were based on initial estimate of total habitat area in 2008 where
sandbar area consisted of 218 hectares and sandpit area of 527 hectares as estimated by
Nebraska Game and Parks Commission and the Tern and Plover Conservation
Partnership.
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The habitat loss rate for the scenarios is not intuitive. Given the Status Quo
scenario with a habitat loss rate of 0 for each habitat type, there is no change in habitat
area from one year to the next. However, the Sandpit Gain scenario with a habitat loss
rate of -0.05 for sandpits results in a 5% increase in sandpit area with no change of
sandbar area. Conversely, the Sandpit Loss scenario, with a habitat loss rate of 0.05 for
sandpits, results in a 5% decrease in sandpit area annually. The habitat loss rates for all
thirteen scenarios are meant to span the range of future possibilities. As 10% is a large
change in habitat area, all scenarios do not necessarily reflect reality. However, 10% is a
reasonable maximum for a habitat loss rate as it results in a 90% reduction of habitat over
20 years.

Table 2. Thirteen scenarios developed for model demonstration purposes only that vary
by the loss rate of the specified habitat type area.
Variable
Scenario Description
Status Quo (1)
Sandpit Gain (2)
Sandpit Loss (3)
Extreme Sandpit Loss (4)
Sandbar Gain (5)
Sandbar Loss (6)
Extreme Sandbar Loss (7)
Total Gain (8)
Total Loss (9)
Sandbar Gain & Sandpit Loss (10)
Sandbar Loss & Sandpit Gain (11)
Status Quo Long-term (12)
Total Loss Long-term (13)

Sandbar Loss
0
0
0
0
-0.05
0.05
0.1
-0.05
0.1
-0.05
0.05
0
0.1

Sandpit Loss
0
-0.05
0.05
0.1
0
0
0
-0.05
0.1
0.05
-0.05
0
0.1
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SENSITIVITY ANALYSIS
I conducted a sensitivity analysis of population size as a function of the input
parameters for each species. Each input parameter was scaled to a zero mean and
variance of 1 to allow for more accurate comparisons. I log transformed the response
variables (i.e., population size) and fitted each analysis to a generalized linear model
using the following equation for terns:

where the 2 indicates that all main effects and 2nd order interactions were included, and
the following equation for plovers:
.

RESULTS
SCENARIO RESULTS
The Status Quo long-term scenario, with a habitat loss rate of 0.0, suggests that
the plover population will increase and stabilize at a median of approximately 2,500
pairs, while the tern population stabilizes around 3,000 individuals by 2100 (Figure 6A).
However, the Total Loss long-term scenario, with an extreme habitat loss rate of 0.1 for
both habitat types, suggests that the plover population continues to increase to just under
500 pairs before declining towards zero while the tern population increases to about 800
individuals before declining towards zero (Figure 6B). The causes for the differing
responses to habitat loss between the two avian species are unknown and may imply the
two species have unique limiting resources. The uncertainty associated with the causes
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of their differences in responses result from summarizing the differences between the two
species within the productivity and density-dependence estimates. There are many
plausible reasons for the differences between tern and plover population sizes, including
life cycle and foraging differences, but the model is unable to detect the exact explanation
for differences in responses to habitat changes.

Figure 6. Results of the long-term model scenarios show Least Tern (long dash line) and
Piping Plover (short dash line) median population responses to differences in habitat loss
rates (solid line) over 92 years. Habitat loss rates for Status Quo Long-term Scenario are
0.00 for both habitat types (A) and are 0.10 for both habitat types in the Total Loss Longterm Scenario (B).
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For short-term scenarios, model results suggest that, while all scenarios with a
loss rate >0.0 suggest a decrease in habitat area, with the exception of the Sandbar Loss
& Sandpit Gain Scenario (Figure 7B), the Total Loss and Extreme Sandpit Loss express
the greatest decrease in habitat area (Figures 8C and 9B). The decline in habitat area for
the Extreme Sandpit Loss scenario reflects the initial habitat areas for the two habitat
types, as the initial area for Sandpits is greater than the area of Sandbars. If 10% of
Sandpit area is lost annually, but Sandbar area remains stable, total available habitat
stabilizes at the initial Sandbar area.

Figure 7. Results for the short-term model scenarios show Least Tern (long dash line)
and Piping Plover (short dash line) median population responses to various differences in
available habitat area (solid line). Habitat loss rates for Sandbar Gain & Sandpit Loss
Scenario are -0.05 for sandbars and 0.05 for sandpits (A), and are 0.05 for sandbars and 0.05 for sandpits in the Sandbar Loss & Sandpit Gain Scenario (B).
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Figure 8. Results for the short-term model scenarios showing Least Tern (long dash line)
and Piping Plover (short dash line) median population responses to differences in habitat
loss rates (solid line). Habitat loss rates for Status Quo Scenario are 0.00 for both habitat
types (A), are -0.05 for both habitat types in the Total Gain Scenario (B), and are 0.10 for
both habitat types in the Total Loss Scenario (C).

Figure 9. Results for the short-term model scenarios show Least Tern (long dash line) and Piping Plover (short dash line) median
population responses to various decreases in habitat area (solid line). Habitat loss rates for Sandpit Loss Scenario are 0.00 for
sandbars and 0.05 for sandpits (A), are 0.00 for sandbars and 0.10 for sandpits in the Extreme Sandpit Loss Scenario (B), are 0.05 for
sandbars and 0.00 for sandpits in the Sandbar Loss Scenario (C), and are 0.10 for sandbars and 0.05 for sandpits in the Extreme
Sandbar Loss Scenario (D).
69

70
The plover and tern populations appear to respond positively over time to all
short-term scenarios (Figures 7–10), especially for scenarios with a sandpit loss rate <0.0
(i.e., a gain in habitat; Figures 10A, 10B, 11B). While it appears the tern population size
is larger than the plover population size, the difference between the two population sizes
is due to the survey methods used for each species. Terns are surveyed as individuals,
where as plovers are surveyed as breeding pairs.
Model results suggest that the medians over all 1,000 runs for each of the shortterm scenarios greatly fluctuate at the conclusion of the period for each scenario
regarding the projected habitat area (Figure 11). However, the median appears to be
constant for the tern and plover population sizes. I determined the proportion of runs that
during the final year of each scenario showed a decline in habitat area and population size
(Figure 12). The results suggest that as habitat loss increases, the proportion of runs
resulting in less habitat area in the final year increases. The proportion of population
sizes that decreased by the end of each short-term scenario remain steady, fluctuating
between 0.13 and 0.18 for plovers and 0.63 and 0.68 for terns. However, for the longterm scenarios, the population sizes differ greatly between the Status Quo long-term and
the Total Loss long-term scenarios.
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Figure 10. Results for the short-term model scenarios show Least Tern (long dash line)
and Piping Plover (short dash line) median population responses to increases in habitat
area (solid line). Habitat loss rates for Sandpit Gain Scenario are 0.00 for sandbars and 0.05 for sandpits (A) and are -0.05 for sandbars in the Sandbar Gain Scenario (B).
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Figure 11. Model results showing the median (horizontal line in center for each box),
25th and 75th percentiles (ends of boxes), 10th and 90th percentiles (vertical lines, and
outliers (open circles) over all 1,000 runs for each scenario at the conclusion of the model
time frame. Initial starting habitat area varies over all scenarios with an average of
725±5.49 hectares.
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Figure 12. The proportion of runs during the final year of each scenario that show a
decline in habitat area and population size. Shown are short-term scenarios (1-11), longterm scenarios (12 and 13), habitat area (black bars), plover population size (dark gray
bars), and tern population size (light gray bars).

SENSITIVITY ANALYSIS
Given that all input parameters vary within the model due to parameter
uncertainty and natural temporal variation, the relationship between the population size
and survival rates has a great deal of noise (Figure 13). However, the model does suggest
that as survival rates increase, the population size increases. As I examined the effects on
population size of selected input parameters, the analysis suggested that hydro-peaking
had the greatest effect on tern population size, followed by the survival rates for each age
class within the model (Table 3). For plover population size, my analysis suggested that
bird productivity had the greatest effect, followed by AHY survival (Table 4).

74

Figure 13. Model sensitivity output for Least Tern population, where much variation
between the population size (i.e., Log Number of Adults) and the survival rates are
attributed to natural variation and that input parameters vary throughout the time frame of
each model run. The population model suggests that population size increases as survival
rates of after second year birds (A), fledglings (B), and second year birds (C) increase.
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Table 3. Sensitivity analysis results for Least Tern data where the fitted linear model
estimates show an overall p-value of <2.2e-16 with r2 = 0.955 and F = 1011.
Covariate
(Intercept)
Hydro-peaking
After Second Year Survival (ASY)
Hatch Year Survival (HY)
Second Year Survival (SY)
Bird Productivity (BP)
Density
Density * Hydro-peaking
HY * Hydro-peaking
SY * Hydro-peaking
BP * Hydro-peaking
SY * BP
HY * SY
ASY * Density
SY * Density
HY * BP
BP * Density
HY * Density
ASY * SY
ASY * HY
ASY * BP
ASY * Hydro-peaking

Estimate
5.92
1.03
0.33
0.18
0.16
0.10
0.06
0.04
0.03
0.03
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.01
-0.01
-0.07

Std. Error
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

t value
1747.12
303.50
96.83
53.85
47.08
28.88
17.39
10.93
9.88
8.28
5.51
1.56
1.22
1.13
1.02
0.92
0.15
-0.40
-1.17
-2.77
-3.55
-19.56

Table 4. Sensitivity analysis for Piping Plover data where the fitted linear model
estimates show an overall p-value of <2.2e-16 with r2 = 0.786 and F = 240.9.
Covariate
(Intercept)
Bird Productivity (BP)
After Hatch Year Survival (AHY)
Hatch Year Survival (HY)
Hydro-peaking
Density
HY * BP
BP * Density

Estimate
5.81
0.55
0.37
0.28
0.27
0.05
0.03
0.02

Std. Error
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

t value
983.71
92.68
61.96
47.84
45.64
8.60
4.49
3.18
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Table 4. Continued.
Covariate
HY * Density
Density * Hydro-peaking
AHY * Density
HY * Hydro-peaking
BP * Hydro-peaking
AHY * HY
AHY * Hydro-peaking
AHY * BP

Estimate
0.01
0.01
0.01
0.01
0.00
-0.02
-0.02
-0.03

Std. Error
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

t value
2.29
1.86
1.68
1.36
0.41
-3.51
-3.66
-5.88

DISCUSSION
When managing for endangered and threatened species, having the capability to
project the annual population dynamics of the listed species is advantageous for resources
managers confronted with numerous regulations (Rubin et al., 2002; Caswell and
Fujiwara, 2004). Natural-resource managers can utilize population models as a method
of evaluation over a specified period where the model can provide quantitative
estimations of existing management success and projections of the population’s future
status. Alternatively, managers could estimate how an unforeseeable event could
influence the system and decrease the possibility of surprises, to “expect the unexpected”
(Parma et al., 1998; Greeuw et al., 2000). Development of possible extreme events
through workshops with experts and stakeholders provides managers with a conceptual
model of the effects of extreme events. By modifying the input parameters, such as the
survival or habitat loss rates, to extreme values under unexpected events such as extreme
high flows, the model output will aid in providing insight for resources managers on the
inherent uncertainty of surprises.
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To further decrease uncertainty within the model and increase the knowledge of
the managed system, the sensitivity analysis conducted provided a method for guiding
prioritization of future research projects. The sensitivity analysis suggested that the tern
population size was most sensitive to effects of hydro-peaking on reproductive output,
followed by the ASY and the SHY survival rates, while the plover population size was
most sensitive to bird productivity, followed by AHY survival. Therefore, future
management research should target hydro-peaking effects on terns and survival rates of
both avian species to decrease the standard errors associated with each input parameter.
As resources managers are usually limited with time and funding, prioritizing research
needs through sensitivity analyses may yield more efficient allocation of funds to
research projects.
My work resulted in a population model with a short run time of several minutes
that projects responses of terns and plovers to differences between two habitat areas on
the LPR. While the model assumes avian species have the same nest and fledgling
success on sandbars as they do on sandpits, if further research and monitoring detects
differences in the input parameters, including discharge and various anthropogenic
affects, between the two habitat types this information can be readily incorporated.
However, as my assumption about the relative productivity in the two habitat types is
supported by previous research (Kirsch, 1996), the model remains a valid tool for
projecting the consequences of management alternatives (Deines et al., 2007). These
quantitative projections can be used in a structured method to prioritize and select the

78
best alternative(s) from a set of multiple management alternatives for implementation
(Possingham, 2000).
MODEL APPLICATIONS
The population model is ideal for an adaptive management framework where the
model will be constantly updated, revised, and improved through continued monitoring.
This will result in increased model accuracy and an adaptive model that responds to a
changing ecosystem. However, there are no direct federal mandates for the LPR
regarding terns and plovers, such as recovery objectives that are federally defined for the
Missouri River and the CPR populations (USFWS, 1990). Consequently, this has
resulted in multiple agencies managing the river independent of other management
agencies and no formal management plan covering the entire stretch of the LPR. As
discussed and defined by Williams et al. (2007), adaptive management consists of two
primary conditions: a well-defined problem and institutional commitment to the process.
While there appears to be a well-defined problem, which is the basis of my population
model, there is not a central institution committed as the decision authority for the entire
LPR. However, the absence of a central decision authority should not cause multiple
resources management agencies on the LPR to abandon the adaptive management
process. Instead resources management agencies could collaborate, pooling institutional
resources and utilizing the population model for its intended use: to pursue a conclusion
to the proposed problem of resource allocation for the recovery of Least Tern and Piping
Plover populations on the LPR.
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NEXT STEPS
Continued effort contributed towards furthering model advancements includes
continuously updating the model with monitoring data as it becomes available. Given the
small data set available on terns and plovers of the LPR that began in 2008, as future
monitoring data becomes available and more input parameters transfer to being specific
to the LPR region, the model will increase in accuracy and become more specialized for
the LPR. For further refinement in the model, I suggest dividing the on-channel habitat
into two reaches or segments. This is due to the potential differences between the upper
and lower reaches of the LPR where river morphology is affected by incoming water
from the Loup River in the upper reach and Elkhorn River in the lower reach. As hydropeaking effects on habitat in the LPR for Least Tern and Piping Plover are disputed, the
upper reach may contain less suspended sediment and may be more strongly affected by
hydro-peaking due to the activities of the Loup River Power District on the Loup River
(Graf, 2001; Parham, 2007). However, as there are minimal mechanical alterations of the
Elkhorn River, such as dams, bank stabilization, and channel deepening for navigation,
water entering the LPR from the Elkhorn may enter with a more natural hydrology and
contain more sediment than that of the Loup River. Potential differences in
sedimentation within the water column and hydro-peaking effects may lead to differences
in sandbar development and erosion, thus altering the area of available habitat and finally
affecting the avian populations.
Currently, all plausible reasons for their differing responses are summarized under
productivity and density estimates. Future research should focus on the differences
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between the two avian species responses to habitat changes. Additionally, densitydependence complicates management for both terns and plovers. During high population
densities, the productivity decreases while at low densities, the productivity increases.
The density-dependent responses developed in the population model are supported by the
work of Kirsch (1996) studying terns on the LPR, Catlin (2009) for plovers on the
Missouri River, and Cohen et al. (2007) for plovers on coastal islands. Kirsch (1996)
suggested greater density-dependent responses on the sandpits than on sandbars (i.e.,
sandbars may support higher densities of birds than sandpits). During years of high flows
that result in continuous sandbar flooding, more birds may nest on sandpits. However,
given the higher degree of density dependence on sandpits, larger numbers of birds
nesting on sandpits would lead to a greater decrease in fledglings per pair. If
management disregards density-dependence, habitat construction programs may lead to
ecological traps where attractions of large numbers of birds results in increased density
with reductions in productivity (Gates and Gysel, 1978).
Sandbar area available for tern and plover breeding and nesting is dependent on
rates of erosion, sedimentation, and vegetation, but sandpit area is more closely
dependent on various human activities, such as development and mining operations.
Incorporating more aspects of the two habitats would allow for increased accuracy in the
estimation of projected available habitat. Additionally, monitoring the nesting success
and fledgling survival at each habitat type and incorporating habitat specific rates into the
model will allow further differentiation between to the two habitats. Integrating more
population dynamics that may differ between the two habitats, leads to improved
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assessment of the various management consequences and predictions of birds’ responses
to the alteration and restoration of the two habitats.
MODEL CONCLUSIONS
I advise management agencies to develop an adaptive management plan that
incorporates iterative decision-making, monitoring, and the population model to recover
the endangered Least Tern and threatened Piping Plover on the LPR. Although there are
multiple definitions of adaptive management, a recurrent theme in all adaptive
management approaches is the ongoing monitoring of measurable objectives while also
implementing selected actions (Walters and Holling, 1990; Field et al., 2004; Gerber et
al., 2005; McFadden et al., 2011). In developing an adaptive management plan, it is
important for managers to notice that, given the results from the population model, the
two avian species may survive well as long as they have sufficient access to one type of
habitat. However, when both habitats are lost and model projections expand further than
10 years, the populations plummet. Additionally, differences in productivity estimates
and survival rates between the two species contribute largely to their specific responses to
habitat changes. Therefore, it is vital to examine potential effects of management actions
further into the future for an improved understanding of population responses.
By utilizing this complete model description, managers gain a thorough
understanding of model components and interactions between input and output
parameters. The population model is a useful tool to aid resources managers in
measuring the annual status of the two avian species and is best suited for a continuous
process of reducing uncertainty through adaptive management. With active learning and
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continuous monitoring, uncertainty decreases and forecast management outcomes are
more easily predicted (Walters, 1986, 1997). Therefore, through a long-term monitoring
program supported by the long-term population model and guided by clear objectives, the
uncertainty placed on model parameters will continue to decrease while the model
projections improve. This allows for more informed decision making as the number of
iterations increase in the adaptive management process. Through collaboration of the
multiple natural-resources agencies managing the LPR and pursuit of iterative decisionmaking strategies, development of measurable objectives is expected to result in a clear
adaptive management plan that utilizes the population model for the recovery of Least
Terns and Piping Plovers.
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Chapter 4: ASSESSING COMPETING RESEARCH HYPOTHESES FOR
EXPERIMENTATION THROUGH ADAPTIVE MANAGEMENT ON THE
CENTRAL PLATTE RIVER, NEBRASKA

Abstract:
The central Platte River (CPR), Nebraska, is a complicated ecosystem where
natural-resources management decisions affect endangered and threatened species such
as the Interior Least Tern (Sternula antillarum athalassos) and Piping Plover (Charadius
melodus). Portions of the CPR are managed under the Platte River Recovery
Implementation Program (hereafter simply Program) for four federally endangered and
threatened species. The Program is pursuing management of the endangered and
threatened species of the river through an adaptive management based process. Because
high uncertainty is associated with the responses of these species to habitat restoration
and other resource uses, I tested alternative hypotheses using a multi-model analysis
framework based on simulated data to simplify hypotheses and prioritize research and
management needs. I developed a model set with 10 models and applied it to five
simulated scenarios using three analysis methods that (overdispersion) differed by family
distribution and the type of Akaike’s Information Criterion. As the analysis focused on
the Interior Least Tern responses to ecological factors, model results suggest that in not
accounting for overdispersion in the data leads to a greater probability of concluding that
something is falsely affecting the response variable when the parameter effect sizes are
close to 0. In applying the Shannon-Weiner Index of diversity to model weights of all
five simulated data scenarios, the results suggest that as model weight diversity increases,
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multi-model inference strength decreases. Thus, by utilizing statistical models for
evaluating management consequences, iterative decision-making will allow for
continuous updating of models, as more monitoring data becomes available, influencing
future management decisions. The process of evaluating effects of ecological factors is
helpful in setting and prioritizing objectives and implementing actions for adaptively
managing complicated ecosystems.
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INTRODUCTION
The central Platte River (CPR) in Nebraska, once with wide and shallow braided
channel morphology, now has stabilized banks, deeper channels, and increased flow
(Zallen, 1997; Kenney, 2000; Echeverria, 2001). Alterations to riverine habitat over the
last several decades resulted from water diversions, land-use changes, and other basin
alterations and contributed to the listing of various species (Sinokrot and Gulliver, 2000;
Kroeger and McMurray, 2008; Smith, 2011). Portions of the CPR, one of the largest
Great Plains riverine ecosystems, are managed by Headwaters Corporation through their
Platte River Recovery Implementation Program (hereafter simply Program) for four
federally endangered and threatened species (Schneider et al., 2005). The Program
pursues management of endangered and threatened species of the river through an
adaptive management based process (Platte River Recovery Implementation Program,
2008).
Adaptive management provides an improved method for incorporation of research
into management decisions where uncertainty places limitations on contributions of
science (Reynolds et al., 1996; Lee and Bradshaw, 1998; Berg et al., 1999; Robertson
and Hull, 2001). When adaptively managing complicated systems, utilizing structured
decision-making provides managers with a formal process for considering all aspects of
the complicated decisions they face (Gregory and Keeney, 2002). By repeating decisions
within a structured decision-making approach, natural-resources managers learn through
an ongoing process of implementing various management actions, monitoring
management outcomes, and updating ecological models by comparing actual outcomes
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with expected outcomes (Hilborn and Walters, 1981; Walters, 1986; Williams, 1996;
Carpenter, 2002; Johnson et al., 2002). In addition to emphasizing experimentation as a
method of rapidly improving knowledge of the system (Walters, 1986; Williams et al.,
2007), the Program pursues decision-making to link management and science through
engaging experts on species recovery, river management, and policy. Management
objectives focus on improving production of the Interior Least Tern (Sterna antillarum
athalassos) and Piping Plover (Charadrius melodus), improving survival of Whooping
Cranes (Grus americana) during migration, avoid adverse impacts on Pallid Sturgeon
(Scaphirhynchus albus), and reduce likelihood of future species listings (Marmorek et al.,
2009).
Although much research has been conducted on the CPR, there remains a high
level of scientific disagreement on the habitat needs of the focus species (Supalla et al.,
2002; National Research Council, 2005). Therefore, to gain information about species’
responses to various habitat modifications for improved management towards achieving
the objectives, the Program developed over forty competing research hypotheses (Platte
River Recovery Implementation Program, 2008). Such an extraordinary number of
hypotheses would require endless experimentation on the river that would be
unnecessarily challenging and costly for management. Multi-model analysis can reduce
the number of competing hypotheses by combining similar hypotheses into a single set of
models that can be evaluated simultaneously.
Most natural-resources managers are not privileged with unlimited time and
funding, and therefore benefit greatly from efficient and effective methods that aid
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decision-making. Multi-model inference is a statistical method of simultaneously
comparing numerous hypotheses about ecological interactions within a complicated
system by assessing alternative models based on given data and relative likelihoods
(Anderson et al., 2000; Burnham and Anderson, 2002). In natural-resources
management, results from multi-model inference serve two primary functions, decrease
uncertainty about the hypotheses and aid in prioritizing research and management
projects. However, with minimal thought attributed to model development leading to
incorrect model structures, model results are often vague with weak inference where
multiple models in a set are plausible approximations of the collected data (Guthery et
al., 2005; Smith et al., 2009).
Weak inference may originate from several other issues, such as too many models
within the model set, the model structures within the set are incorrect, and a variety of
methodological issues (Anderson and Burnham, 2002; Smith et al., 2009).
Methodological issues refer to limitations in the researcher’s ability to model hypotheses
accurately and in understanding the entire suite of statistical methods appropriate for the
given data. Additionally, weak inference results from not applying techniques, such as
model averaging, to gain further information on parameters within top ranked models.
Ignorance of model selection uncertainty is troublesome as it may lead to the assumption
that the top ranked model is the truth. While model averaging increases knowledge
gained from a given data set, information gaps inevitably remain with weak inference.
When weak inferences are encountered, adaptive management is the most
relevant management recommendation especially when decisions must be made
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regardless of the level of knowledge or uncertainty (Rehme et al., 2011). Through
emphasizing stakeholder involvement, personal and political values, decision-making,
uncertainty, and modeling in an adaptive management plan (Gregory and Keeney, 2002;
Williams et al., 2007), resulting active learning and continuous monitoring decreases
uncertainty and forecast management outcomes are more easily predicted leading to
stronger model inference (Walters, 1986, 1997). Improvements in model inference
allows for more informed decision making as the number of iterations increase in the
adaptive management process. Therefore, in an iterative decision-making context with a
monitoring program guided by clear objectives, the uncertainty placed on model
parameters will continue to decrease while model selection improves, thus influencing
future management decisions (Walters 1986, 1997; Carpenter, 2002). Adaptive
management allows managers to continue making decisions despite uncertainty and weak
inferences.
A recent study connected research with management by modeling the response of
reproductive success of Least Terns and Piping Plovers on the CPR to various habitat
parameters (Howlin et al., 2008). However, the study suffered from an extreme lack of
data during six years of collection as often occurs when researching endangered and
threatened species. Using forward selection with Akaike’s Information Criterion,
analysis results were limited in providing valuable information for critical management
decisions, as the data were unable to support strong inference in model selection.
Although the analysis was statistically and scientifically sound and given the challenging
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nature of conveying statistical results, the analysis was not interpreted in such a way that
was easily connected to management.
In decision-making, statistical models are used in evaluating management
consequences based on current data (Possingham et al., 2001; Nicolson et al., 2002;
Williams et al., 2007). I offer a method of simplifying hypotheses and prioritizing
research and management needs by providing simulated data scenarios analyzed in a
multi-model analysis framework. The simulated data scenarios aid in exploring potential
results of the reality on the CPR for the Interior Least Tern. The simulation may connect
research and monitoring data collected by the Program on Least Terns breeding and
nesting on the CPR, Nebraska. Through assuming future monitoring data, I used
simulated data to compare Least Tern population numbers to various research hypotheses
on the CPR. To investigate the relationship between population sizes and various
ecological factors, such as bare sand area and active channel width, I consolidated
research hypotheses developed by the Program into sets of statistical models for
simulated multi-model analysis using generalized linear models. My final analysis
objective included developing future scenarios to generate plausible monitoring data
using the number of Least Tern adults as an example. This initial process of evaluating
the effect sizes of various ecological factors is not a traditional power analysis, but is
helpful in setting and prioritizing objectives and implementing actions for adaptively
managing large river systems. Cumulatively, the simulated analysis may provide insight
on the detectability of an effect and the direct implications for sampling effort.
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METHODS
I used multi-model inference with generalized linear models in Program R to
investigate the relationship between population size of the Interior Least Tern and various
ecological factors, such as bare sand area and active channel width (R Development Core
Team, 2009). I proposed a set of 10 a priori models that incorporated six covariates
derived from the available hypotheses developed by the Program (Table 1). My response
variable was the number of tern adults and my six covariates included area of bare river
sand, area of bare sandpit, bare sand elevation, percent vegetation cover, active channel
width, and number of prey fish. Within the set of models, I included a null model (no
effects) and a global model (all covariates have an effect).

Table 1. Models derived from research hypotheses developed by the Platte River
Recovery Implementation Program used in multi-model analysis with Least Tern adult
numbers as the response variable.
Model Number
1 (Null)
2
3
4
5
8
9
6
7
10 (Global)

Model Title
Null Model
River Sand
Sandpit
Elevation
Vegetation
Channel
Fish
Additive
River Sand
Sand Area
Global
Model

Model Structure
Adult tern numbers ~1
Adult tern numbers ~ bare river sand area
Adult tern numbers ~ bare sandpit area
Adult tern numbers ~ bare sand elevation
Adult tern numbers ~ percent vegetation cover
Adult tern numbers ~ active channel width
Adult tern numbers ~ number of prey fish
Adult tern numbers ~ bare river sand area + bare sand
elevation + percent vegetation cover
Adult tern numbers ~ bare river sand area * bare
sandpit area
Adult tern numbers ~ bare river sand area + bare
sandpit area + bare sand elevation + percent vegetation
cover + active channel width + number of prey fish
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I developed five simulated data scenarios that span a wide range of parameter
effect sizes and include a No Effect scenario, a Tapering Baseline scenario, Similar
Effects scenario, Strong Effects scenario, and a Large Difference effects scenario (Table
2). The data scenarios provide several alternative relationships between the various
habitat factors and Tern population. The effect sizes for each scenario are theoretical for
comparison purposes of different elements of the research hypotheses development by
the Program. The parameters within the No Effect scenario are zero and simulate a Tern
population that is not affected by the selected ecological factors. I expected the best-fit
AIC model for the No Effect scenario to be the Null Model. The Tapering Baseline
scenario contains parameters that diminish with each factor included. The Similar
Effects scenario contains a narrow range of diminishing parameter effect sizes where as
the Strong Effects scenario contains larger parameter effect sizes and the Large
Difference scenario contains a wide range of strong, yet diminishing parameter effect
sizes. The Strong Effects and Large Difference scenarios contain the strongest parameter
effect sizes of all five scenarios. I expected the best-fit AIC model for the Tapering
Baseline, Similar Effects, Strong Effects, and Large Difference scenarios to be the Global
Model because each parameter has an effect regardless of size. The simulated ecological
factors (i.e., parameters) are based on a random number generator with identical means
(μ) and standard deviations (σ).
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Table 2. Parameter effect sizes for each simulation scenario. Assigned values are not
based on real data. Distributions are identical for each parameter (i.e. identical means
and standard deviations).
Scenario
Parameter Effect
Bare River Sand Area
Bare Sandpit Area
Bare Sand Elevation
Percent Vegetation
Cover
Active Channel Width
Number of Prey Fish

No
Effect
0
0
0
0

Tapering
Baseline
0.1
-0.05
0.025
-0.012

Similar
Effect
0.1
-0.08
0.06
-0.047

Strong
Effect
0.5
-0.25
0.12
-0.05

Large
Difference
0.5
-0.16
0.05
-0.018

0
0

0.005
0.003

0.035
0.025

0.03
0.01

0.006
0.002

Provided the high uncertainty of tern responses to basic habitat elements of bare
river sand area and bare sandpit area and emphasis placed on these two variables by the
Program, I simulated tern responses to changes in bare river sand area and bare sandpit
area simultaneously (Figure 1). The underlying assumption for all scenarios, is bare
sandpit area has a negative effect on terns nesting on bare river sand area. The data
simulations support that adult tern numbers increase with increasing bare river sand area,
but decrease with increasing bare sandpit area. Therefore, bare sandpit area has a
negative effect on the number of tern adults that are nesting on bare river sand.
I designated a normal distribution to all covariates with a μ of zero and a standard
deviation of σ with a number of observations (n) was 100. The response variable per
scenario ( ), number of tern adults ( ), had a negative binomial distribution (

)

where n = 100 with a mean (μT ) as a function of the covariates with effect sizes specific
to the simulated scenarios using the following equations:
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where
( ),

is the parameter effect size for the area of bare river sand specific to scenario
is the bare river sand area covariate,

of bare sandpit,
parameter effect size,

is the bare sandpit area covariate,

is the bare sand elevation

is the bare sand elevation covariate,

effect size for percent vegetation cover,
is the channel width parameter effect size,
the number of prey fish parameter effect size,
and

is the parameter effect size for the area

is the parameter

is the percent vegetation cover covariate,
is the channel width covariate,

is

is the number of prey fish covariate,

is the normal distribution with n = 100, μ = 0, and σ = 0.01. I used the

following equation to estimate the number of tern adults per scenario:
.

Figure 1. Underlying assumption for simulated data scenarios where bare sandpit area
has a negative effect on the number of tern adults nesting on bare river sand. Shown is
the assumption specific to parameter effect sizes in the Strong Effect data scenario where
white indicates an increase in tern population size and red indicates a decrease in tern
population size.
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For the multi-model analysis, I used Akaike’s Information Criterion (AIC) to
determine initial model ranking and Akaike weights (wi) to determine the level of
supportive evidence each model in each simulated data scenario (Burnham and Anderson,
2002). The model set was identical for each simulated scenario. To examine the effects
of overdispersed data on the multi-model inference results, I conducted three analyses
that differed by distribution and type of AIC analysis used: a Poisson distribution with
AIC (PA method), a Poisson distribution with Quasi-AIC (PQ method), and a Negative
Binomial distribution with AIC (NA method). I applied the distributions to the model
sets for each simulated scenario. The PA analysis did not offer any methods for
accounting for overdispersion and served as the control method. I used the Poisson
distribution because the simulated data was considered count data and the Negative
Binomial distribution for the third analysis method as another solution for overdispersed
data (Lindsey, 2004). Lastly, I used Quasi-AIC as it incorporates an overdispersion
parameter, allowing for another method of accounting for overdispersion (Zuur et al.,
2007).
To examine the variation among model ranking, I estimated the probability of
each model when ranked as the best AIC model over 100 iterations using the average
relative AIC (ΔAIC). To clarify the frequency results, I applied Ivlev’s Index of
Electivity ( ) to the frequency estimates for analysis method and simulation using the
following equation (Ivlev, 1961):
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where

is the relative probability estimate and

is the relative availability of model

ranking in the set of models. With a scale of 1.0 to -1.0, if
models (i.e., 0.1) where

and

, model ranking is random. If

are equal for all

and

are different for a

model, depending on the direction of deviation from 0, model ranking for a particular
model is selected for or against.
In assessing model-inference strength, I applied the Shannon-Wiener Diversity
Index to model wi of all five simulated data scenarios. I used the following equation to
obtain the proportional model wi ( ) using the following equation:

where

is the wi for a given model

. In applying the diversity index, I used the

following equation:

where

is the model weight diversity. A maximum possible diversity occurs when all

models are weighted identically. I expected that when

is high, model-inference

strength is low.
I estimated a recommended sample size for all five data simulation scenarios by
running the multi-model analysis for the each scenario with different sample sizes for 100
iterations each. Tested sample sizes included n = 50, n = 100, n = 200, and n = 500. To
detect a final relationship between sample size and

, I treated

for each test as a

function of sample size. I expect that increases in sample size will not result in a
decrease in Hs for the No Effect scenario.
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RESULTS
To understand model output resulting from theoretical effect sizes that I used to
compare the different elements of the hypotheses, I compared adult tern numbers to the
variation in the effect size of bare river sand area between scenarios. The parameter
effect size of bare river sand area was relatively low (i.e. 0 or 0.1) for the No Effect,
Tapering Baseline, and Similar Effects scenarios and resulted in minimal to no adult tern
response for one example from one of the 100 iterations (Figures 2A-C). However, as
the parameter effect size of bare river sand area was larger (i.e. 0.5) for the Strong Effects
and Large Difference scenarios, the simulated data suggests a positive trend between
adult tern numbers and area of bare river sand as expected (Figures 2D & E).
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Figure 2. Simulated results of the tern population size in response to bare river sand area
for a single iteration of each simulation scenarios, including the No Effect (A), Tapering
Baseline (B), Similar Effects (C), Strong Effects (D), and Large Difference (E).

AIC MODEL SELECTION
I simulated the AIC analysis for 100 iterations for each scenario and analysis
method. As an example of one iteration for the Strong Effects scenario, I found
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differences among model ranking between analysis methods (Table 3). Model ranking
for the PA method suggests 86% of the model weight supports bare sandpit area as the
best predictor of adult tern numbers followed by four models with single parameters. In
contrast, when utilizing methods that account for overdispersion, the PQ and NA methods
suggest similar weights of 52% support the interaction of bare river sand area and bare
sandpit area as the best predictor. Although the null model was ranked higher in the PA
method than for the PQ and NA methods, the global model was ranked as the second or
third best model in the PQ and NA methods. It appears that analysis methods that
account for overdispersion support examination of more complex models. However, the
total weight of the best model decreased in the overdispersion methods. Refer to
Appendix A for average AIC results over 100 iterations for all scenarios and analysis
methods.

Table 3. Results for generalized linear model selection for a single iteration the Strong
Effect scenario computed with a Poisson distribution and Akaike’s Information Criterion,
a Poisson distribution and Quasi-AIC, and a Negative Binomial distribution and AIC
using Program R for model evaluation.
Model Structure
PAg
3*
8
1
2
6
9
7
5
4

Psandh
Chwidi
Null model
Rsandj
Rsand + elevak +
vegcol
Pfishm
Rsand * psand
Vegco
Eleva

AICa/QAICb

Kc

ΔAICd/ΔQAICe

wi f

442.54
446.21
453.96
454.35
469.58

7
4
4
2
2

0
3.67
11.42
11.81
27.04

0.86
0.14
0
0
0

477.23
480.05
480.89
481.18

2
1
2
2

34.68
37.51
38.35
38.63

0
0
0
0
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Table 3. continued.
AIC/QAIC

K

ΔAIC/ΔQAIC

wi

Rsand + psand +
eleva + vegco +
chwid + pfish

481.89

2

39.35

0

Rsand * psand
Rsand
Rsand + psand +
eleva + vegco +
chwid + pfish
Rsand + eleva +
vegco
Psand
Vegco
Null model
Pfish
Chwid
Eleva

229.81
231.49
231.92

4
2
7

0
1.68
2.11

0.52
0.22
0.18

233.68

4

3.88

0.07

239.11
242.93
243.22
244.76
244.91
245.26

2
2
1
2
2
2

9.3
13.12
13.41
14.96
15.1
15.46

0
0
0
0
0
0

Rsand * psand
Rsand + psand +
eleva + vegco +
chwid + pfish
Rsand
Rsand + eleva +
vegco
Psand
Vegco
Null model
Pfish
Chwid
Eleva

423.29
424.43

5
8

0
1.15

0.52
0.29

426
427.94

3
5

2.71
4.65

0.13
0.05

431.48
435.78
435.89
437.37
437.52
437.81

3
3
2
3
3
3

8.19
12.5
12.6
14.09
14.24
14.52

0.01
0
0
0
0
0

Model Structure
10

PQn
7
2
10

6
3
5
1
9
8
4
NAo
7
10

2
6
3
5
1
9
8
4
a-f

AIC = Akaike’s Information Criterion; QAIC = Quasi-AIC; K = number of model parameters; ΔAIC =
relative AIC; ΔQAIC=relative Quasi-AIC for overdispersion; wi = Akaike weight
g, n, o
PA = Poisson Distribution and AIC analysis method; PQ = Poisson Distribution and QAIC analysis
method; NA = Negative Binomial Distribution and AIC analysis method.
h-m
Psand = bare sandpit area; chwid = active channel width; rsand = bare river sand area; eleva = bare
sand elevation; vegco = percent vegetation cover; pfish = number of prey fish
*
Number of each model as they appear in the model set
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MODEL RANKING
The null model was ranked as the best model most often as suggested by Ivlev’s
Index of Electivity for the No Effects scenario over 100 iterations under the PQ and NA
methods (Figure 3A). All other models received similar ranking, except for the global
model that was selected against in the PQ and NA methods with an

= -1.0. With the

PA method, all models, including the null and global models, received similar model
rankings with an

near zero. Therefore, the PQ and NA methods lend most support to

the “true” model, which is the null model for the No Effects scenario, than the PA
method.
Results were similar for the Tapering Baseline and Similar Effects scenarios
(Figure 3B & C). While all parameters had an effect on the number of adult terns in the
two scenarios, the global model was selected against with a strong negative
and NA methods (Tapering Baseline:
Effects:

= -0.82 for PQ,

= -1.0 for PQ,

for the PQ

= -0.82 for NA; Similar

= -0.54 for NA). However, with the PA method, the global

model was ranked as the top model more often under this method for the Similar Effects
scenario (

= 0.35). Therefore, the PA method lends most support to the global model,

the expected model, for the Tapering Baseline and Similar Effects scenario than the PQ
and NA methods.
Results were similar for the Strong Effects and Large Difference scenarios
(Figure 3D & E). As all parameters had a stronger effect on the number of adult terns in
the two scenarios than in the Tapering Baseline and Similar Effects scenarios, the global
model was ranked more highly in the Strong Effects and Large Difference scenarios. The
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PA method ranked the global model highest of the three methods with an
the Strong Effects scenario and

= 0.75 for

= 0.63 for the Large Difference scenario. The

methods for overdispersion rank the global model higher in the Strong Effects scenario
than in the Large Difference scenario, the

for the PQ and NA methods is lower than

the PA method for both scenarios. However, for the Strong Effects and Large Difference
scenarios, model-inference appears to be stronger for the two scenarios in comparison to
the Tapering Baseline and Similar Effects scenarios. Refer to Appendix A for more
detailed of model ranking estimates.
Results for the model weight diversity (Hs) estimates suggest that the No Effects
scenario had the highest Hs of all scenarios with a mean of 1.71 (Figure 4). The Tapering
Baseline and Similar Effects scenarios had similar Hs with a mean of 1.46 and 1.38
respectively. The Large Difference had a lower Hs with a mean of 0.62. The Strong
Effects scenario had the lowest Hs with a mean of 0.31.
RECOMMENDED SAMPLE SIZE
The power analysis used to determine the recommended sample size suggests that
as sample size increases, Hs decreases for all scenarios except the No Effect (Figure 5).
For the No Effect scenario, regardless of the number of samples collected, model
inference strength does not change (Figure 5A). Results for the Tapering Baseline and
Similar Effects scenarios suggest that model inference strength is unlikely to increase
until N = 500 (Figures 5B & 5C). When effect sizes increase, as in the Strong Effects
and Large Difference scenarios, model inference strength appears to increase with
increasing sample size (Figures 5D & 5E).
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Figure 3. Estimated frequencies for each model ranked as the best Akaike’s Information
Criterion (AIC) model out of 100 iterations using Ivlev’s Index for Electivity. Shown
are results for the No Effect (A), Tapering Baseline (B), Similar Effects (C), Strong
Effects (D), and Large Difference (E) data scenarios using the Poisson distribution with
AIC (orange cirlces), Poisson distribution with Quasi-AIC (green squares), and the
Negative Binomial distribution with AIC (blue triangles) analysis methods. The model
sets were consistent for each scenario and analysis method.
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Figure 4. Cumulative probability results for the model weight diversity (Hs) for each
simulated data scenario over 100 iterations using the Poisson distribution and AIC
analysis method as an example. Shown is the Hs for the No Effect Scenario (red line),
Tapering Baseline scenario (light blue line), Similar Effects scenario (green line), Strong
Effects scenario (black line), and Large Difference scenario (light blue).
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Figure 5. Results for power analysis of the No Effect (A), Tapering Baseline (B), Similar
Effects (C), Strong Effects (D), and Large Difference (E) scenarios showing model
weight diversity (Hs) as a function of sample size (N). Shown is the mean (horizontal
line in center for each box), 25th and 75th percentiles (ends of boxes), 10th and 90th
percentiles (vertical lines), and outliers (open circles) over 100 iterations for each sample
size test.
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DISCUSSION
Overall, the simulation analysis suggests that as the parameter effect sizes
increase, model ranking switches from supporting simpler models to higher ranking of
more complex models for all three analysis methods. As this analysis was simulated with
a large sample size (n = 100), multi-model inference was weak for the scenarios with
small effect sizes including the Tapering Baseline and Similar Effects scenarios.
Therefore, when effect sizes vary, model ranking differs where the required sample size
needed to detect strong effects is smaller compared to sample sizes needed to detect weak
effects. Additionally, model ranking differed between analysis methods. The results
suggested that when effect sizes are small or 0, PQ and NA methods selected the “true”
model more often than the PA method. Between analysis methods and data scenarios, it
appears that as effect sizes increase, the impacts of overdispersion affecting the selection
of the “true” model, decrease. Therefore, not accounting for overdispersion may lead to a
greater probability of falsely concluding that a relationship exists when parameter effect
sizes are close to zero.
The simulated data scenarios aid in exploring potential results of the reality on the
CPR for the Interior Least Tern in response to several environmental factors. The data
scenarios improve the understanding of monitoring data a priori to implementing a
management action. Through assuming various scenarios of potential monitoring data
collected over the next ten years, natural-resources managers gain information about an
uncertain system and decrease the likelihood of future surprises. Additionally,
simulations may aid in quantifying the value of learning for a given adaptive

113
management project (Probert et al., 2010). When applying the power analysis as
described above, obtaining estimates for recommended sample sizes aid managers in
determining which sample size meets the needs of their objectives best. With this
method, there is not one correct sample size suggested, but rather the best sample size is
dependent on the value placed on learning and various constraints, such as time and
funding. By exploring various monitoring techniques and values of learning as an
objective, estimates of knowledge-based objectives provide natural-resources managers
with a method of evaluating the utility of experimentation.
Natural-resources managers are often confronted with high uncertainty and
funding limitations where timely decisions are essential. Multi-model inference aids in
coping with the dilemmas of uncertainty and time by decreasing uncertainty about
testable hypotheses and aiding in prioritizing research and management projects. A priori
dedication to model development is imperative to achieve strong inference and maximize
learning. However, with poorly developed model analyses, small sample sizes, and
methodological issues statistical analyses often result in weak inference (Anderson and
Burnham, 2002; Smith et al., 2009; Rehme et al., 2011). Therefore, when naturalresources managers encounter problems requiring timely decisions with high uncertainty
resulting from weak inference caused by a multitude of plausible sources, adaptive
management is the most relevant management recommendation. Adaptive management
provides clear connections between available science and stakeholder values by
developing values into measurable objectives that drive iterative research and monitoring
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plans. Through this iterative process, managers continue making structured decisions
driven by values and measured by data that decrease uncertainty with each iteration.
Without measurable objectives, science is limited in effectively influencing
management. Likewise, management is limited to personal and political values without
access to science. As the connection between ecologists and managers is vital for
decreasing uncertainty, I provide analyses of five data simulation scenarios focused on
various realities of breeding and nesting Least Terns on the CPR, Nebraska. The
scenarios provide a scientific method of evaluating potential realities in connecting
various hypotheses to management efforts, thus decreasing surprises of future events as
management is prepared for multiple potential outcomes.
For effective adaptive management, research hypotheses must be testable and
falsifiable. However, management complications arise for many wildlife population
managers due to environmental variation and agency time constraints (Theberge et al.,
2006). Due to these two complications, obtaining falsifiable test results becomes more
challenging, especially if the hypotheses or objectives are not measurable. Measurable
hypotheses and objectives focus on population vital rates, such as survival probabilities.
I advise a priori development of analysis methods for the prioritization of research
hypotheses as developed by the Program. With a large number of hypotheses and
inescapable constraints (i.e., time, ecological stochasticity, managing endangered
species), higher prioritization should be placed on research projects focused on testable
and falsifiable hypotheses (i.e., survival rates and strong effect sizes). Additionally,
prioritizing research hypotheses that focus on stronger parameter effect sizes will yield
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stronger model inference than weak effect sizes given limited monitoring efforts. With
thorough evaluation of research hypotheses and expected parameter effect sizes, the
Program is likely to maximize learning opportunities while proceeding with iterative
decision-making. In maximizing learning, the Program will continue to decrease
uncertainty about responses of Least Terns to various ecological factors on the CPR,
Nebraska, through adaptive management.
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Chapter 5: CONCLUSIONS
When decisions must be made regardless of the level of knowledge or
uncertainty, the application of conventional research methods is often insufficient to
support effective decision-making. There is a critical need to improve how research is
incorporated into management decisions where uncertainty places limitations on
contributions of science (Reynolds et al., 1996; Lee and Bradshaw, 1998; Berg et al.,
1999; Robertson and Hull, 2001). Adaptive management provides natural-resources
managers with a method where they can learn through an ongoing process of
implementing various management actions, monitoring management outcomes, and
updating ecological models by comparing actual outcomes with expected outcomes by
repeating decisions within an SDM approach (Hilborn and Walters, 1981; Walters, 1986;
Williams, 1996; Carpenter, 2002; Johnson et al., 2002). The application of adaptive
management is appropriate for complicated natural-resources management problems with
value-laden decisions high in risk and uncertainty (Levin, 1999; Gunderson and Holling,
2002; Berkes, 2004).
With multiple definitions of adaptive management available to natural-resources
managers, it was unclear which definitions were most useful and successful for managers.
In chapter 2, I reviewed adaptive management literature and assessed the level of success
for two main schools of thought in adaptive management. Scientific literature
acknowledges that successful application of adaptive management requires building a
thorough understanding of the various elements of the process through cumulative
experience (Gerber et al., 2007). If adaptive management is to improve as an approach to
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management under uncertainty, it is imperative to study the process of adaptive
management itself, including all approaches. Adaptive management as a concept
continues to evolve through shifts in the dominant school of thought, as well as gain
greater acceptance as a possible framework for management. The clearest
recommendation from this review for increasing the implementation of AM is to
deemphasize experimentation, taking a more passive AM approach.
In chapter 3, I presented a population model description focused on the Interior
Least Tern and Piping Plover populations on the Lower Platte River, Nebraska, and
described how the model could be a vital aspect of an adaptive management plan. By
utilizing the model description, managers gain a thorough understanding of model
components and interactions between input and output parameters. The population
model is a useful tool to aid resources managers in measuring the annual status of the two
avian species and is best suited for a continuous process of reducing uncertainty through
adaptive management. However, developing a clear adaptive management plan that
utilizes the population model for the recovery of Least Terns and Piping Plovers will
require collaboration among the multiple natural-resources agencies managing the LPR,
and especially the development of measurable objectives.
In chapter 4, I reported findings from a simulated multi-model analysis that
assessed competing research hypotheses of an existing adaptive management plan, the
Platte River Recovery Implementation Program, with a multi-model inference
framework. Prioritizing research hypotheses that focus on stronger parameter effect sizes
will yield stronger model inference than weak effect sizes given limited monitoring
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efforts. With thorough evaluation of research hypotheses and expected parameter effect
sizes, the Program could maximize learning opportunities while proceeding with iterative
decision-making. In maximizing learning, the Program will continue to decrease
uncertainty about responses of Least Terns to various ecological factors on the central
Platte River (CPR), Nebraska, through adaptive management.
While managers in the field of natural resources generally acknowledge adaptive
management as an appropriate approach for managing complicated ecosystems, the
managers may experience difficulty in proceeding with the adaptive management process
to the implementation stage. Increased efficacy in the adaptive management process may
result from starting small (i.e., utilizing simple models) and incorporating structured
decision-making. Overall, adaptive management provides a way to connect science to
stakeholder values and allows managers to maximize learning while proceeding with
necessary decision-making (Gregory and Keeney, 2002; Williams et al., 2007).
Additional increases in the efficacy of implementing an adaptive management
plan include utilizing predictive models based on management objectives to increase
learning. Placing less emphases on experimentation, allows managers to continue
through the adaptive management process while still learning about the managed system.
Predictive models that are flexible can be simply updated annually with monitoring data.
Developing models that are based directly on management objectives further increases
the effectiveness of the models. Therefore, adaptive management plans should
incorporate measurable objectives that allow managers to evaluate success.
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Measurable objectives provide science an avenue to influence management
effectively through utilizing objectives to develop various scenarios regarding expected
and potential monitoring data. Managers could estimate how an unforeseeable event
could influence the system and decrease the possibility of future surprises (Parma et al.,
1998; Greeuw et al., 2000). Development of possible extreme events through workshops
with experts and stakeholders provides managers with a conceptual model of the effects
of extreme events. By modifying model parameters to extreme values to represent
unexpected events, the model output will aid in providing insight for resources managers
on the inherent uncertainty of surprises.
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Appendix B: EXTENDED AKAIKE’S INFORMATION CRITERION RESULTS
Table 1. Average Akaike’s Information Criterion (AIC) components, estimated
frequencies of each model ranked as the best AIC model, and mean AIC model ranking
over 100 iterations for each scenario and analysis method.
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Table 1. continued.
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0.00

6
0
0
0
0
0
0

7
5
5
5
8
3
5

247.1
249.7
249.9

4
2
7

1.77
4.43
4.59

0.45
0.25
0.15

49
31
12

4
7
7

251.0

4

5.69

0.14

8

4

271.4
279.9
279.2
279.8
280.1
280.1

2
2
1
2
2
2

26.06
34.56
33.94
34.47
34.79
34.79

0.00
0.00
0.00
0.00
0.00
0.00

0
0
0
0
0
0

5
7
6
6
6
3

415.2
417.9
417.1

5
3
8

1.70
4.38
3.63

0.43
0.22
0.22

46
25
18

4
6
7
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Table 1. continued.
Model Structure
6
3
4
1
8
9
5
a-e

Rsand + eleva +
vegco
Psand
Eleva
Null model
Chwid
Pfish
Vegco

AIC /
QAIC
419.0
437.9
444.2
443.3
444.1
444.3
444.4

5

ΔAIC /
ΔQAIC
5.47

3
3
2
3
3
3

24.40
30.71
29.78
30.59
30.84
30.88

K

Frequency
Top
0.13
11
wi

0.00
0.00
0.00
0.00
0.00
0.00

0
0
0
0
0
0

Mean
Rank
4
6
7
6
6
6
3

QAIC = Quasi Akaike’s Information Criterion (AIC) for overdispersion; K = number of model
parameters; ΔAIC = relative Akaike’s Information Criterion (AIC); ΔQAIC=relative Quasi-AIC; wi =
Akaike weight
f, m, n
PA = Poisson distribution with AIC; PQ = Poisson distribution with Quasi-AIC; NA = Negative
Binomial distribution with AIC
g-l
Rsand = bare river sand area; psand = bare sandpit area; eleva = bare sand elevation; vegco = percent
vegetation cover; chwid = active channel width; pfish = number of prey fish
*
Number of each model as they appear in the model set

